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Abstract

The human immunodeficiency virus type 1 (HIV-1) protein, Nef, binds and activates Src
family kinases (SFKs) to reduce cell surface levels of major histocompatibility complex class
I (MHC-I), thereby facilitating cytotoxic T lymphocyte (CTL) evasion. Importantly, Nef-
mediated CTL evasion compromises the success of immune-directed curative approaches,
underscoring Nef:SFK interaction inhibitors as promising adjuvants in an immune-directed
cure. Previously, our group identified a dipeptide derivative (H3-1) which inhibits the Nef:SFK
interaction and MHC-I downregulation in vitro, but is unstable in vivo. I hypothesized that H3-
1’s instability is due to its proteolysis and have generated peptidomimetic analogues of H3-1
which are predicted to maintain improved proteolytic stabilities. Herein, I describe the design
and synthesis of analogues incorporating carboxyl (methyl ester, amide, nitrile, and tetrazole)
and amide (thioamide and methyleneamino) replacing groups. With future biological studies,
we aim to identify an in vivo stable Nef:SFK inhibitor for application in an immune-directed

HIV-1 cure.
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Summary for Lay Audience

To-date, there is still no practical cure for human immunodeficiency virus type 1 (HIV-1)
infection. Many curative approaches in development rely on specific immune cells, known
as cytotoxic T lymphocytes (CTLs), to recognize and kill HIV-1-infected cells. However,
HIV-1 maintains mechanisms to evade CTL recognition and killing, which compromises
the success of these cures. One of the key mechanisms for HIV-1’s evasion of CTL killing
is mediated by the HIV-1 protein, Nef. Specifically, Nef enables HIV-1-infected cells to
avoid CTL recognition by reducing cell surface levels of the antigen presenting molecule,
major histocompatibility complex class I (MHC-I). Importantly, this process depends on
Nef’s interactions with a set of signaling molecules, termed Src family kinases (SFKs),
which highlights the Nef:SFK interaction as a target for therapeutic intervention. We
therefore predict that inhibitors of the Nef:SFK interaction could be applied as adjuvants

in an immune-directed HIV-1 cure to boost the CTL-mediated killing of infected cells.

Previously, our group identified a dipeptide derivative, termed H3-1, which inhibits the
Nef:SFK interaction and rescues cell surface levels of MHC-I in vitro. However, H3-1 was
found to be unstable in vivo, thereby precluding its therapeutic application. Considering
H3-1’s peptidic structure, I hypothesized that H3-1’s in vivo instability is due to its
susceptibility to proteolysis. In this thesis, I used organic synthesis to generate a panel of
H3-1 analogues which are predicted to maintain improved proteolytic stabilities and should
thereby enable their continued study as supportive agents in an HIV-1 cure. Specifically, I
synthesized and isolated four peptidomimetic analogues incorporating replacements of H3-
I’s carboxylic acid group (methyl ester, amide, nitrile, and tetrazole). Attempts to
synthesize analogues incorporating replacements of H3-1’s amide group (thioamide and
methyleneamino) were also made and are described herein. With this panel of H3-1
analogues, future studies will focus on characterizing these compounds biologically on
measures of toxicity, potency, and biostability. By integrating each of these parameters, we
aim to identify a next-generation in vivo stable Nef:SFK interaction inhibitor for

application in an immune-directed HIV-1 cure.
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Chapter 1

1 Introduction

1.1 The case for a practical HIV-1 cure

Since the identification of human immunodeficiency virus type 1 (HIV-1) as the cause of
acquired immunodeficiency syndrome (AIDS), significant progress has been made in
treating and controlling HIV-1 infection!=. Today, dozens of antiretroviral drugs are
available, and their use in combination antiretroviral therapy (cART) effectively prevents
AIDS onset in people living with HIV (PLWH)!. However, cART is not curative, and
reservoirs of HIV-1 infected cells continue to persist within cART-treated individuals.
PLWH must therefore be on life-long and continuous cART, which carries obstacles in
treatment adherence and access, as well as risks for treatment failure*. Further, cART-
treated PLWH can experience a multitude of chronic health conditions at an elevated rate,
especially those associated with accelerated aging, in addition to severe stigma’!°, A
practical cure for HIV-1 has therefore remained an urgent and top priority to improve the
health outcomes for PLWH, especially as the 90-90-90 target rates for global HIV status

testing, CART coverage, and viral suppression were not met with the end of 2020!,

1.2 Approaches to cure HIV-1

Only one HIV-1 curative strategy has shown success in vivo, namely, allogenic
haematopoietic stem cell transplantation from a donor maintaining the CCR5A32/A32
mutation!?13, To-date, only a handful of individuals have been successfully cured with this
approach, displaying durable virological control following cART discontinuation.
However, this approach is no silver bullet, with multiple cases undergoing transplantation
without curation!®~!8, More importantly, this approach is impractical due to cost and donor

availability, as well as being surgically extremely high-risk.

Alternatively, there is still an unmet need for a practical cure which is efficacious for the

majority of PLWH, while maintaining a lessened burden and a greater margin of safety



than cART alone!?. Efforts to develop such a practical cure for HIV-1 have largely
focused on strategies such as shock and kill?!?2, block and lock??, therapeutic vaccination®*,
chimeric antigen receptor (CAR) T cell therapy?, and treatment with cytokines, immune
checkpoint inhibitors, and/or neutralizing antibodies?®?’. Unfortunately, whether
administered alone or in combination, none of these strategies have yet shown success in
clinical trials. Although the reasons for their lack of success are multifaceted, several HIV-
I-related barriers play an important role in undermining the efficacy of these curative
approaches?®. Indeed, as many curative approaches are immune-directed, including shock
and kill, therapeutic vaccination, CAR T cell therapy, and antibody therapies, HIV-1-
mediated immune evasion is likely to stifle cure efficacy in vivo?®=3!. Virus-driven defects
in other cellular processes, including T cell receptor signaling, apoptosis, and autophagy,
may also hinder cure activity, such as by restraining latency reversal or cytotoxic T
lymphocyte (CTL) activity?®. Importantly, the HIV-1 accessory protein, Nef, has been
implicated in many of these processes, suggesting Nef to be a central mediator of cure

success and thus a prime target for pharmacological inhibition3?-°,

1.3 Biology of the HIV-1 Nef protein

Nef is one of four accessory proteins (Nef, Vif, Vpu, and Vpr) encoded by HIV-1. As an
accessory protein, Nef is not strictly required for the viral replication cycle in vitro, but
instead acts to optimize viral replication in vivo by boosting virion infectivity and
production, as well as inhibiting antiviral immunity33-**4%4!, Indeed, numerous animal
models and human cohorts have demonstrated an important role for Nef in replication
enhancement and HIV-1 pathogenesis. Notably, infection of rhesus macaques with nef-
deficient simian immunodeficiency virus (SIV) strains resulted in reduced viral replication
and aborted pathogenesis*?. In numerous transgenic mouse models, Nef expression was
sufficient to induce CD4" T cell depletion**~#¢, and in one model, Nef expression was both
necessary and sufficient for the development of a severe AIDS-like phenotype
characterized by wasting, thymic atrophy, and CD4" T cell loss*. Studies in humanized
mouse models have also affirmed a crucial role for Nef in enhancing HIV-1 replication in

vivo and in mediating disease pathogenesis*’~#°. Most importantly, several human cohort

2



studies have described individuals infected with HIV-1 isolates encoding a dysfunctional
Nef protein, and this has correlated with reduced viral replication and slower to non-

progression to disease®* 3.

At the molecular level, Nef forms numerous protein-protein interactions with host factors
to hijack cellular signaling and trafficking pathways. Through these mechanisms, Nef
predominantly acts to modulate the cell surface levels of proteins including CD4>*,
SERINC5°¢38 and MHC-I**%! (Figure 1.1). For instance, Nef facilitates the
downregulation of cell surface CD4 by binding and linking the CD4 cytoplasmic tail to
adaptor protein 2 (AP-2)-dependent trafficking machinery, thus driving its endocytosis and

subsequent lysosomal degradation®>%?,

CD4 downregulation in turn limits viral
superinfection® and antibody-dependent cellular cytotoxicity (ADCC)®. In a similar AP-
2-dependent manner, Nef downregulates the restriction factor, SERINCS, to promote
virion infectivity>¢->%%6, Additionally, Nef downregulates cell surface MHC-I through two
discrete modes, termed the signaling and stoichiometric modes. In the signaling mode, Nef
binds and activates a suite of Src family kinases (SFKs), namely, Hck, Lyn, and ¢-Src, to
assemble an SFK:ZAP-70/Syk:PI3K multi-kinase complex®’-7°, PI3K signaling from this
Nef-associated kinase complex increases the endocytosis of cell surface MHC-L
Subsequently, Nef delays the recycling of MHC-I back to the cell surface by trafficking
MHC-I from early endosomes to the trans-Golgi network for sequestration®. Alternately,
in the stoichiometric mode, Nef hijacks nascent MHC-I molecules early in the secretory
pathway for their subsequent degradation within the lysosome’!’2, Numerous trafficking
machinery have been implicated in these processes, including but not limited to, the
trafficking regulators PACS-1/2, adaptor protein 1 (AP-1), ARF1/6, clathrin, and B-COP.
Collectively, these two modes of downregulation result in reduced cell surface levels of
levels of MHC-I, which abrogates viral antigen presentation from infected cells and thereby

enables infected cells to elude their CTL-mediated killing32.
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Figure 1.1 Overview of key HIV-1 Nef activities. In infected cells, Nef binds CD4 and
SERINCS to facilitate their endocytosis and trafficking to the lysosome for degradation
(red arrows). Alternatively, Nef localized to the trans-Golgi network binds and activates a
suite of SFKs to initiate the signaling mode of MHC-I downregulation, beginning with the
endocytosis of cell surface MHC-I, followed by its trafficking from early endosomes to the
trans-Golgi network for sequestration (purple arrows). Additionally, in the stoichiometric
mode, Nef hijacks nascent MHC-I early in the secretory pathway for trafficking to the

lysosome for degradation (blue arrow). Created with Biorender.com.



Numerous other cell surface receptors have been reported to be modulated by Nef,
including the co-stimulatory molecules, CD28, CD80, and CD867*7°, the HIV-1 co-
receptors, CCR5 and CXCR47%77, and the immune checkpoint receptor, Tim-37%. Nef has
also been implicated in binding and modulating many other signaling and trafficking
factors, such as the Tec family kinases (TFKs)"*%°, PAK2%!, Lck®?, PI3K 36769 ASK 136,
and PKC®. Nef’s numerous interactions with such host proteins are in turn essential for its
many effects on infected and bystander cells, including alterations in T cell receptor

3839 cellular activation®®3%4:84 lymphocyte chemotaxis®®, extracellular vesicle

signaling
release®®, autophagy?’, and apoptosis*>-%3¢, Altogether, these Nef effects ensure an optimal

replicative environment for the virus, in addition to mediating disease pathogenesis.

1.4 Implications of Nef in an HIV-1 cure

HIV-1 maintains numerous mechanisms which act as barriers against a practical cure.
Surprisingly, the paradigm of cure development has largely focused on the direct
optimization of the curative agents themselves, while comparatively less attention has been
devoted to inhibiting these barriers against a cure. Yet, developing mechanisms secondary
to the curative agent which can boost cure efficacy is a promising and potentially necessary
approach to functionalize a practical HIV-1 cure. Considering the crucial and multifactorial
role Nef plays during HIV-1 infection, pharmacological inhibition of Nef may be an
especially powerful strategy to boost efficacies in a broad panel of curative approaches,

including shock and kill and HIV-1 immunotherapies.

1.4.1 Implications of Nef in latency reversal

HIV-1’s maintenance within a reversibly non-productive state of infection, termed the
latent reservoir, is a central mechanism for HIV-1’s persistence in PLWH on cART®748,
As latently infected cells are not readily producing virions, mechanisms to clear these HIV-
I-infected cells through immune killing or viral cytopathic effects are largely absent.

Accordingly, it is thought that a reduction in latent reservoir size can be achieved by



reactivating latent proviruses, primarily by using a latency reversing agent (“shock”),
followed by their clearance through immune-directed mechanisms and viral cytopathic
effects (“kill”)?1-*2. This consequent reduction in latent reservoir size may then promote

remission and long-term virological control independent of cART.

Despite the promise of a shock and kill approach, no derivative of this strategy has
definitively shown success by considerably reducing latent reservoir size or delaying viral
rebound following cART cessation. The reasons for this are numerous, with inefficient
viral reactivation and differential latency reversal across immune cell subsets presented as
central issues®’. Notably, Nef may play a critical role in mediating latency reversal through
its effects on host cell signaling. Indeed, several studies have affirmed Nef’s role in viral
replication enhancement, especially through its effects on T cell receptor and general

38.39.89.90 " suggesting that Nef may act to promote latency reversal’' 3. On

kinase signaling
the other hand, the signaling events associated with Nef’s enhancement of viral replication
are aberrant, especially for T cell receptor signaling, in which Nef selectively dysregulates
conventional signaling, likely to limit antiviral immunity and activation-induced cell death
(AICD), while a compensatory Nef-associated signaling pathway is established to promote
viral replication®. In light of this duality, Nef may instead hinder latency reversal, which
suggests that inhibitors capable of blocking Nef-induced signaling, and its associated
defects in immune function, could promote latency reversal. However, Nef’s effects on

latency reversal remain almost entirely unknown and are likely to vary according to each

latency reversing agent.

1.4.2 Implications of Nef in infected cell clearance

The potent elimination of HIV-1-infected cells is central to many curative approaches;
however, none have been successful in this aspect in vivo. Indeed, although shock and kill
has achieved some successes in viral reactivation, this has not been associated with a

3031 Similar deficiencies have also been identified for

reduction in reservoir size
therapeutic vaccination approaches®*. Importantly, these approaches’ ineffectiveness stems

primarily from an inability for the adaptive immune response to clear HIV-1-infected cells



in vivo, and accumulating evidence suggests that a robust and broad anti-HIV-1 CTL
response is necessary for infected cell clearance in a shock and kill or immunotherapy
approach®-**. However, HIV-1-infected cells containing intact proviruses are intrinsically
resistant to CTL-mediated killing, even in the absence of escape mutations, poor latency
reversal, compartmentalization, or CTL dysfunction, highlighting a need to boost anti-
HIV-1 CTL-mediated killing for a successful cure to be realized”. Notably, HIV-1 Nef
downregulates cell surface MHC-I, specifically HLA-A and -B, which abrogates antigen
presentation from HIV-1 infected cells to anti-HIV-1 CTLs, and may thus promote the
persistence of infected cells in vivo**>°°%. Inhibition of Nef-mediated MHC-I
downregulation could therefore serve a broad purpose in supporting any curative approach

reliant on CTL activity by promoting infected cell killing.

In addition to MHC-I downregulation, HIV-1-infected cells may resist clearance through
additional Nef effects, including blockade of Fas- and TNF-a-associated cell death
signaling through ASK1 inhibition®, evasion of ADCC by CD4 downregulation®, or as
suggested more recently, inhibition of wviral cytopathic effects through PLKI
upregulation’’. Nef additionally induces severe and broad defects in adaptive immunity,
including dysregulation of T cell receptor signaling*®*, downregulation of the co-
stimulatory receptors CD28, CD80, and CD86737°, upregulation of the immune checkpoint
receptor Tim-378, induction of bystander T cell apoptosis®®, and inhibition of B cell affinity
maturation®. Together, these disparate effects of Nef highlight its role in preventing HIV-
I-infected cell clearance and thus underscore the supportive role Nef inhibitors can play in
a variety of curative approaches including shock and kill and HIV-1 immunotherapies such

as therapeutic vaccination and CAR T cell therapies (summarized in Figure 1.2).
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Figure 1.2 Summary of selected Nef activities relevant to a practical HIV-1 cure.

Created with Biorender.com.

1.5 Past developments towards inhibitors of HIV-1 Nef

Spanning almost 20 years of development, numerous groups have reported on potential

Nef inhibitors, including small molecule, peptide, and protein inhibitors (summarized in

Table 1.1).



Table 1.1 Summary of Nef inhibitors identified to-date.

binding a pocket of Nef at the Nef:AP-1pu1
interaction interface.

SERINCS.

Inhibitor(s) Primary proposed mechanism of action MHC-I CTL Replication Infectivity  Additional key effects References
rescue killing inhibition inhibition
Small molecule inhibitors
Adriamycin Inhibition of the Nef:Hck interaction by N.R. N.R. N.R. N.R. 100
reducing Hck expression.
D1, DLC27, and Orthosteric inhibition of Nef’s interactions + N.R. +4 - Destabilization of Nef’s structure 101-103
DLC27-14 with SH3 domains, namely the Hck SH3 resulting in its accelerated cleavage
domain, by binding the RT loop binding by HIV-1 Protease.
pocket of Nef.
DFP-4AP, DFP-4AB, Inhibition of Nef-bound Hck and Lyn kinase N.R. N.R. + N.R. 104-107
and DFP-APF activity by binding the kinases’ active site.
B9 and analogues Inhibition of Nef dimerization by binding + + + + Restoration of cell surface CD4 and  80,108-113
Nef at the dimerization interface. inhibition of Nef-mediated SFK and
TFK activation.
SRI-35789 and Inhibition of Nef-mediated Hck activation + N.R. + + 114
analogues and Nef:MHC-I:AP-1p1 complex assembly
by binding Nef.
DQBS Inhibition of Nef-mediated SFK activation, + + + - 103,113
namely Hck, by binding Nef.
Ell Inhibition of Nef dimerization by an N.R. N.R. N.R. N.R. 115
unknown mechanism.
2c Allosteric and/or orthosteric inhibition of the + N.R. +4 +4 70,116
Nef:SFK interaction by binding the
polyproline helix, the RT loop binding
pocket, and/or a C-terminal pocket of Nef.
Lovastatin Inhibition of the Nef:AP-1 interaction by + + N.R. + Restoration of cell surface CD4 and 117,118




Concanamycin A Inhibition of Nef:MHC-I:AP-1 complex + + N.R. N.R. 118
assembly by an unknown mechanism.
Guanidine alkaloid Inhibition of Nef’s interactions with p53, N.R. N.R. N.R. N.R. 119
analogues (compounds  Lck and actin by binding Nef.
14, 17, and 22)
NSC13987 and Inhibition of the Nef:calnexin interaction by ~ N.R. N.R. + N.R. ABCAI1 rescue and restoration of 120,121
analogues (AMS-55) binding Nef. cholesterol efflux.
Triciribine Unknown, likely inhibition of Akt. N.R. N.R. + - 122
Selected peptide and protein inhibitors
sdAbl19 Broad Nef interaction inhibition by binding  — N.R. + + Restoration of cell surface CD4, 123,124
a C-terminal pocket of Nef. inhibition of the Nef:PAK2
interaction and its downstream actin
remodeling effects. Reversal of
CD4+ T cell maturation and
activation defects in a transgenic
Nef mouse model.
Nef interacting proteins Broad Nef interaction inhibition by binding ~ + N.R. N.R. + Restoration of cell surface CD4 and 125
the polyproline helix, the RT loop binding CCRS.
pocket, and a proximal CD4 binding pocket
of Nef.
Neffins Broad Nef interaction inhibition by binding  + N.R. N.R. + Restoration of cell surface CD4, 124,126,127
the polyproline helix, the RT loop binding inhibition of Nef-mediated Hck
pocket, and a C-terminal pocket of Nef to activation, Lck relocalization, and
form a 2:2 Neffin:Nef complex. macrophage defects.
N.R.: not reported.
a Only assessed in a follow-up study by a different group.
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1.51 Small molecule inhibitors of Nef-mediated kinase activation

Inhibition of the interaction between Nef and its associated kinases, most importantly, the
SFKs, Hck, Lyn, and c-Src, has been a central focus of Nef inhibitor development, holding
promise to abrogate Nef-mediated MHC-I downregulation, as well as to impair Nef-
mediated enhancements to HIV-1 replication, infectivity, and pathogenesis®®-70:116.128.129,
To bind and activate the SFKs, Nef engages the SFK’s SH3 domain using a polyproline
helix and a hydrophobic binding pocket which binds the SH3 domain RT loop, hereafter
referred to as the RT loop binding pocket of Nef (Figure 1.3)!3°, Nef binding releases the
SH3 domain from the SFK’s SH2-kinase regulatory linker to constitutively activate the
SFK!3!, Importantly, the same surfaces with which Nef binds and activates the SFKs, are
also thought to engage the SH3 domains of TFKs”. Thus, inhibitors targeting the Nef:SFK
interaction may not only mediate their effects by reducing constitutive SFK activation, but

also other Nef signaling effects.

Polyproline RT loop
helix RT loop binding
pocket
o
......... >

Figure 1.3 Overview of the interaction between Nef and an SFK SH3 domain. Binding
of the SH3 domain (red) to the Nef (blue) polyproline helix is visualized on the left and
binding of the SH3 domain RT loop to the Nef RT loop binding pocket is visualized on the
right. Visualization was conducted with UCSF ChimeraX'3? using the X-ray crystal
structure of NL4-3 Nef T71R in complex with Fyn SH3 R961 (PDB: 1EFN)!3.
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The earliest report on small molecule inhibitors of Nef stems from a mammalian two-
hybrid screen which aimed to identify inhibitors of the Nef:Hck interaction!?’. By
screening a small library of 500 selected synthetic and natural products, adriamycin and
four of its derivatives were identified as potential Nef:Hck interaction inhibitors.
Unfortunately, it was also found that adriamycin mediated its effects on the Nef:Hck

interaction by reducing intracellular levels of Hck and was not explored further.

Subsequently, Collette and coworkers adapted a similar mammalian two-hybrid approach

to screen for Nef:Hck interaction inhibitors!'?!

. A virtual docking screen targeting the RT
loop binding pocket of Nef, followed by a mammalian two-hybrid assay, identified the
compound, D1 (also referred to as D14) (Figure 1.4), which inhibited the interaction
between Nef and the Hck SH3 domain (Hck-SH3) and bound Nef in vitro with micromolar
affinity. In Nef-expressing cells, D1 partially restored cell surface MHC-I levels but had
little to no effect on cell surface CD4 levels, consistent with its proposed mechanism of
action. A secondary screen of D1 analogues identified the Nef:Hck-SH3 interaction
inhibitor, DLC27 (Figure 1.4), which was validated to bind the RT loop binding pocket of
Nef, further confirming these compounds’ proposed mechanism of action as orthosteric
inhibitors of the Nef:Hck-SH3 interaction. A subsequent follow-up study aimed to improve

on DLC27’s affinity for Nef by extending its nonpolar zerz-butyl phenyl moiety!??

. Using
this strategy, the DLC27 analogue, DLC27-14, was identified (Figure 1.4), which inhibited
the Nef:Hck-SH3 interaction in vitro with improved potency. Interestingly, it was also
observed that DLC27 and DLC27-14 binding destabilized Nef’s tertiary structure and
increased its processing by HIV-1 Protease in vitro, suggesting that these inhibitors can
function as targeted Nef degraders. In a separate study, DLC27-14 was applied in cell
culture, where it was found to inhibit Nef-mediated viral replication enhancement but not

infectivity enhancement!®.
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Figure 1.4 Structural representations of D1, DLC27, and DLC27-14.

Subsequent efforts to identify an improved Nef:SFK interaction inhibitor were spearheaded
by Smithgall and coworkers who have developed a variety of Nef:SFK interaction assays
for screening large libraries of small molecule inhibitors. Initially, an in vitro Forster
resonance energy transfer (FRET)-based kinase assay, termed Z’-LYTE, was adapted to
identify compounds which interfered with Nef’s activation of Hck!%*. The Z’-LYTE screen
was first applied to a library of approximately 10,000 compounds to identify a series of 4-
amino substituted diphenylfuropyrimidines (DFPs), termed DFP-4AB, DFP-4AP, and
DFP-4APF, which were found to inhibit Nef-mediated Hck and Lyn activation, as well as
Nef-mediated enhancements to HIV-1 replication, with micromolar potency. A follow-up
study further confirmed inhibition of Nef-mediated Hck and endogenous SFK activation,
as well as replication enhancement, for a broad panel of group M Nef subtypes!®®. Notably,
the DFP compounds were identified to be structurally similar to a series of previously
described protein tyrosine kinase inhibitors which bound directly to the Lck active site,
suggesting that the DFP inhibitors were functioning similarly to inhibit the SFK directly.
Interestingly, although the authors observed the DFP compounds to mildly inhibit Hck and
Lyn kinase activity in the absence of Nef, the presence of Nef resulted in a drastic increase
in kinase inhibition. Follow-up studies further identified Nef:Hck binding to alter the

kinases’ active site conformation, which may promote DFP binding to the active site!%6:197,

In another report, the Nef:Hck Z’-LYTE assay was reapplied to screen a much larger and
more diverse library of more than 220,000 compounds in an effort to identify compounds
which bound to Nef instead of the SFK!%8, These screens identified the hydroxypyrazole,
B9 (Figure 1.5A), which inhibited Nef-mediated Hck and endogenous SFK activation, as

well as Nef-mediated replication enhancement, across all tested group M subtypes of Nef
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with high nanomolar to low micromolar potencies. B9 additionally attenuated HIV-1
infectivity in cell culture at micromolar concentrations, but some impairment of SFK
activity for Hck, Lyn, and c-Src in the absence of Nef was noted. Surface plasmon
resonance (SPR) experiments identified B9 to bind Nef with nanomolar affinity and
docking studies suggested that B9 may bind a pocket formed at the Nef dimerization
interface (Figure 1.5B), in addition to other Nef pockets. A dimerization-associated
binding pocket for B9 was supported by bimolecular fluorescence complementation
(BiFC) experiments, with B9 inhibiting Nef homodimer BiFC at micromolar
concentrations. Subsequent studies reported B9 to additionally restore cell surface CD4

and to inhibit Nef-mediated activation of the TFKs, Itk and Btk3%-10%-112,

A B

Nef Nef
o)
N
I(ll OH
=\ NH,
\N» ‘<S
O,N
B9 Dimerization interface

pocket

Figure 1.5 Overview of the Nef homodimerization inhibitor, B9. A) Structural
representation of B9. B) Overview of a Nef dimer derived from an X-ray crystal structure
of the Nef:Fyn-SH3 complex with a binding pocket formed at the Nef dimerization
interface highlighted. Visualization was conducted with UCSF ChimeraX'3? using the X-
ray crystal structure of NL4-3 Nef T71R in complex with Fyn SH3 R961 (PDB: 1EFN)!3°,

Follow-up studies have identified a variety of B9 analogues, with the goal of improving
B9’s potency and pharmacokinetic profile, as well as to replace troublesome groups within

the hydroxypyrazole scaffold; namely, the azo, nitro, and thioamide groups!!®!!!. Although
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compounds which replaced each of the three groups were synthesized!'?, two B9 analogues
which replaced the azo linker with ethylene or methylene bridges, but which maintained
the nitro and thioamide groups, were found to be most promising!!!. These B9 analogues,
referred to as compounds 2 and 4 (Figure 1.6), and in a later study, JZ-96-21 and JZ-97-
21, respectively, maintained high nanomolar affinities for Nef, low micromolar inhibition
of Nef-mediated HIV-1 infectivity and replication enhancement, reduced cytotoxicity, and
improved oral bioavailability in mice compared to B9. A later report also identified that

JZ-96-21 can inhibit Nef-mediated activation of the TFKs, Itk and Btk®°.

Subsequently, an extensive synthetic effort was undertaken to improve on B9 with the
generation of a 216 compound suite of B9 analogues maintaining numerous substitutions

surrounding the hydroxypyrazole core!!?

. By combining results for inhibitor binding to Nef
and inhibition of Nef-mediated HIV-1 infectivity enhancement, the authors identified six
top-scoring compounds (FC-7902, FC-7943, FC-7976, FC-8052, FC-8517, FC-8698;
Figure 1.6) which bound Nef with picomolar to low nanomolar affinities, reduced HIV-1
infectivity at micromolar concentrations, inhibited HIV-1 replication with nanomolar
potencies, and were of modest cytotoxicity at the high nanomolar to micromolar levels.
Several inhibitors were also found to inhibit Nef-mediated Itk and Hck activation (FC-
7902, FC-7943, FC-8052, FC-8517, FC-8698), as well as Nef-mediated MHC-I
downregulation with a substantially improved potency compared to B9 (FC-7902, FC-

7943, FC-7976, FC-8007, FC-8052, FC-8517, FC-8698, FC-8700).
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Figure 1.6 Structural representations of selected B9 analogues.

More recently, the Nef:Hck Z’-LYTE assay was reapplied to screen a large library of more
than 730,000 compounds, identifying the isothiazolone, SRI-35789, as a potential Nef
inhibitor (Figure 1.7)!!'%. Validation studies established SRI-35879 to inhibit Nef-mediated
Hck activation, viral replication, and virion infectivity, as well as to bind HIV-1 and SIV
Nef proteins with low micromolar potencies and affinities. Encouraged with the positive
results for SRI-35879, 84 analogues were synthesized and evaluated, identifying numerous
additional compounds which inhibited HIV-1 infectivity and bound Nef with similar or
improved potencies and affinities (Figure 1.7). SRI-35789 and its analogue, SRI-37264,
were also found to rescue cell surface MHC-I in HIV-1-infected cells, and SRI-37264
disrupted assembly of the Nef:MHC-I:AP-1pul complex in vitro. The pharmacokinetic
properties of seven isothiazolone Nef inhibitors were evaluated, with two (SRI-37264 and
SRI-38731) maintaining encouraging half-lives of greater than two hours in mouse and
human liver microsomes. Finally, SRI-37264 was evaluated for in vivo stability by
monitoring plasma concentrations in mice, but unfortunately SRI-37264 was found to be

rapidly eliminated, with an approximately 40-minute half-life.
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Figure 1.7 Structural representations of SRI-35879 and selected analogues.

Alternative screens for Nef inhibitors have also been piloted by the Smithgall group.
Firstly, a yeast growth inhibition assay was developed for small molecule screening, where
the co-expression of Nef and Hck in yeast results in constitutive Hck activation and a
resulting inhibition of yeast growth!%. Using this assay to screen a small library of nearly
2,500 compounds, followed by a secondary screen for inhibition of Nef-mediated HIV-1
replication enhancement, identified the compound, DQBS (Figure 1.8). DQBS was found
to inhibit Nef-mediated Hck and endogenous SFK activation, as well as Nef:SFK:ZAP-
70/Syk:PI3K complex assembly and MHC-I downregulation in cell culture with
micromolar potency. Nef-mediated replication enhancement was also inhibited by DQBS
across a panel of group M Nef subtypes. Importantly, DQBS was not observed to inhibit
Hck or ZAP-70 kinase activity in the absence of Nef and bound to Nef in vitro, albeit at
elevated concentrations. Docking studies of DQBS suggested it to bind a pocket of Nef
formed at the dimerization interface, much like B9 and its analogues, in addition to other
pockets, but this was not tested experimentally. Lastly, in a separate study, a Nef
homodimer BiFC assay was used to screen a 1,597 compound library for Nef dimerization
inhibitors'!>. This pilot screen identified the compound, E11 (Figure 1.8), which reduced
Nef homodimer BiFC at low micromolar concentrations, but validation studies were not

conducted.
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Figure 1.8 Structural representations of DQBS and E11.

Recently, several of the inhibitors described above have been applied as tool compounds
to test if inhibition of Nef-mediated MHC-I downregulation can improve the CTL-
mediated clearance of latently HIV-1-infected cells'!. Specifically, DQBS, B9, and its
derivatives, JZ-96-21 and JZ-97-21 (Figures 1.5, 1.6, and 1.8), were tested in a coculture
assay of primary latently HIV-1-infected CD4" T cells and anti-HIV-1 CTLs derived from
an HIV-1-infected donor. In this assay, application of each inhibitor at high nanomolar to
low micromolar concentrations improved the CTL-mediated clearance of HIV-1-infected
cells. Further, 23 of 26 tested donors responded to B9 treatment with increased infected
cell killing, and when inhibitors were applied in two doses, HIV-1-infected cell clearance
was greatly improved, with an 80-90% reduction in residual Gag" cells relative to vehicle-
treated cells. Together, these results evidence inhibition of Nef-mediated MHC-I
downregulation as a viable approach to boost infected cell clearance in an immune-directed

HIV-1 cure.

Finally, Thomas and coworkers reported on a phenolic small molecule, 2¢ (Figure 1.9A),
which inhibited Nef’s interactions with Hck, Lyn, and c-Src, disrupted assembly of the
Nef:SFK:ZAP-70/Syk:PI3K complex, and rescued cell surface MHC-I, but not CD4, in
cell culture with a micromolar potency’. Compound 2¢ was identified from a previous
study which characterized it as an inhibitor of multiple interactions between polyproline
motifs and SH3 domains!®. Interestingly, nuclear magnetic resonance (NMR)
spectroscopy studies of the Nef:2c interaction primarily suggested 2c¢ to bind a C-terminal
pocket of Nef not typically associated with SFK activation or MHC-I downregulation,
indicating 2c to be an allosteric inhibitor of the Nef:SFK interaction (Figure 1.9B).
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Orthosteric inhibition of the Nef:SFK interaction by binding Nef’s polyproline helix was
also suggested (Figure 1.3). A follow-up report on 2¢ additionally observed inhibition of
Nef-mediated enhancements to HIV-1 infectivity and replication at micromolar potencies,
while their docking studies alternatively predicted 2c¢ to bind the RT loop binding pocket
of Nef!!®, Regardless, 2¢ has been successfully applied as a tool compound to study Nef-
mediated MHC-I downregulation, but its development for therapeutic applications has

stalled, primarily owing to its suboptimal potency and high toxicity.

C-terminal

ocket
HO OH p

2c

Figure 1.9 Overview of the Nef:SFK interaction inhibitor, 2c. A) Structural
representation of 2¢c. B) Overview of the interaction between Nef (blue) and an SFK SH3
domain (red) with an allosteric C-terminal Nef pocket for 2c¢c binding highlighted.
Visualization was conducted with UCSF ChimeraX'*? using the X-ray crystal structure of

NL4-3 Nef T71R in complex with Fyn SH3 R96I (PDB: 1EFN)!3°,

1.5.2  Alternative small molecule inhibitors of Nef-mediated MHC-I
downregulation

Recently, two alternative inhibitors of Nef-mediated MHC-I downregulation have been

reported which do not rely on inhibition of Nef-mediated SFK activation. Firstly, Li and

coworkers used flow cytometry to screen a library of 1,600 FDA-approved compounds for

cell surface MHC-I rescue in Nef-expressing cells'!”. This screen identified the statin drug,
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lovastatin (Figure 1.10A), which broadly rescued cell surface MHC-I, CD4, and SERINC5
at micromolar potencies. As for other Nef inhibitors which rescued cell surface MHC-I,
lovastatin inhibited Nef-mediated HIV-1 infectivity enhancement and enhanced the CTL-
mediated killing of autologous HIV-1-infected CD4" T cells. Docking studies suggested
that lovastatin, whether in its prodrug closed-ring form, or in the open-ring form, binds a
pocket at the Nef:AP-1pl interface (Figure 1.10B). This was supported by SPR studies,
which identified lovastatin to bind Nef with a high micromolar affinity, and that this
affinity was reduced when Nef residues within the predicted binding pocket were mutated.
Additionally, lovastatin inhibited the co-immunoprecipitation of AP-1 with Nef. However,
lovastatin is principally an HMG-CoA reductase inhibitor!34, which may complicate its
application as a Nef inhibitor in vivo, especially in light of the micromolar concentrations

required for Nef inhibition in cell culture.

More recently, Collins and coworkers also conducted a flow cytometry screen based on
cell surface MHC-I rescue in Nef-expressing cells!'!8. Although initial screening of a large
library consisting of more than 200,000 small molecules was unable to identify any hits,
subsequent screening of a natural product library of more than 20,000 extracts identified
11 microbial extracts which enhanced cell-surface MHC-I expression. From these extracts,
it was found that the concanamycin and bafilomycin plecomacrolides were responsible for
MHC-I rescue, with concanamycin A (Figure 1.10C) being the most potent. In Nef-
expressing cells, concanamycin A rescued cell surface MHC-I, but not cell surface CD4,
for a variety of group M Nef subtypes at picomolar to nanomolar concentrations and
enhanced the elimination of HIV-1-infected CD4" T cells in an anti-HIV-1 CTL coculture
assay. Studies into concanamycin A’s mechanism of action suggested that concanamycin
A was not functioning through its conventional biological mechanism, by inhibiting the V-
ATPase to result in reduced lysosomal acidification!?®, since the concentrations required
for MHC-I rescue were lower than at those where lysosomal acidification and degradation
were affected. Instead, concanamycin A was found to reduce formation of the Nef:MHC-
[:AP-1 complex implicated in mistrafficking intracellular MHC-I. However,
concanamycin A did not bind any components of the Nef:MHC-I:AP-1 complex, nor did
it limit MHC-I binding to AP-1 or Nef in vitro. Thus, concanamycin A may inhibit an
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alternative factor at or upstream of Nef:MHC-1:AP-1 complex assembly, for example the

Nef:SFK:ZAP-70/Syk:PI3K multi-kinase complex.

HO o) Nef:AP-1u1 interface
RO

Concanamycin A

Figure 1.10 Overview of alternative small molecule inhibitors of Nef-mediated MHC-
I downregulation. A) Structural representation of lovastatin in the closed ring form. B)
Overview of the interaction between Nef (blue) and the AP-1pl subunit (pink) with the
proposed binding pocket for lovastatin at the Nef:AP-1pl interface highlighted.
Visualization was conducted with UCSF ChimeraX'*? using the X-ray crystal structure of
NL4-3 Nef in complex with AP-1ul and the major histocompatibility complex class I
(MHC-I) cytoplasmic domain (PDB: 4EMZ)!¢. C) Structural representation of

concanamycin A.

153 Small molecule inhibitors of additional Nef functions

Among the earliest screens conducted for Nef inhibitors, a competition enzyme-linked
immunosorbent assay (ELISA) was used to test the capacity for guanidine alkaloids to

inhibit the interactions between phage-displayed Nef and p53, actin, and Lck!'!®. Through
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this approach, three guanidine alkaloid analogues from the batzelladine and crambescidin
families, referred to as compounds 14, 17, and 22 (Figure 1.11), were identified which
potently inhibited each tested Nef interaction at micromolar concentrations. However,
further studies to test these compounds in cell culture were stifled due to their high

toxicities.

H/\H _ >j\ QH H
N O/\/ + _
| SN )’\Jl\ CH3CO,
N oTBS N” N VCgHyg
H H

N -
H H CF4CO,

Compound 14 Compound 22

\/\o | N X ) o
JLNH CF4CO,
2

Compound 17

Figure 1.11 Structural representations of the guanidine alkaloid analogues,

compounds 14, 17, and 22.

In a different vein, Bukrinsky and coworkers have focused on identifying inhibitors of Nef-
mediated impairments to cholesterol efflux, a target which may find applications in treating
chronic conditions associated with HIV-1 infection. Accumulating evidence suggests Nef
to be in part responsible for the high risk of dyslipidemia and atherosclerosis seen among
PLWH!". This is thought to be a consequence of Nef-mediated cholesterol efflux
dysregulation established by its inhibition of the cholesterol efflux regulatory protein,
ABCA1"8, Importantly, the authors identified that one mechanism of Nef-mediated
ABCAL inhibition depends on Nef’s interaction with the chaperone protein, calnexin!.
By applying a virtual docking screen of over 130,000 compounds to a model of the
Nef:calnexin interaction, the authors identified the small molecule, NSC13987 (also
referred to as ZINCO03953858 in later reports) (Figure 1.12), which blocked the

Nef:calnexin interaction and Nef-mediated inhibition of cholesterol efflux with
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micromolar potency, in addition to reducing viral replication in cell culture!'?. In a follow-
up study, virtual docking was carried out on a refined model of the Nef:calnexin interaction
to identify the NSC13987 analogue, AMS-55 (Figure 1.12), which rescued ABCA1 levels
with micromolar potency and is purported to maintain improved solubility compared to
NSC13987!'2!. Docking screens have also been used to identify potential inhibitors of the
interaction between Nef and ABCAT1; however, these have not yet been tested outside of a

virtual context!40,

NSC13987 AMS-55
(ZINC03953858)

Figure 1.12 Structural representations of NSC13987 and its analogue, AMS-55.

Finally, the nucleoside analogue, triciribine, has been noted to inhibit HIV-1 replication in
cell culture, but this is not linked to inhibition of the HIV-1 reverse transcriptase, integrase
or protease enzymes!?%!4! Instead, a follow-up study reported that resistance mutations to
triciribine primarily localized to the nef gene, implicating Nef in triciribine’s mechanism

122

of action'*>. However, triciribine binding to Nef was not tested, and it is more likely that

triciribine mediates its antiviral effects by inhibiting Akt kinase activity, as was previously

shown in cancer cells'#?

. Indeed, as Nef has been reported to activate Akt!43!44 resistance
mutations may accumulate in Nef to compensate for triciribine’s inhibitory effects on Akt,

although this remains to be experimentally tested.
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1.5.4  Peptide and protein inhibitors of Nef

Several peptide and protein inhibitors of Nef have also been reported. Although such
inhibitors are inherently limited for therapeutic application, they represent highly specific
and potent tools for studying Nef’s functions in cell culture and in vivo. Indeed, a variety
of engineered peptides and SH3 domains have been developed and applied to study the

16,145-148 ‘More excitingly, a

Nef:SH3 interaction and the roles it plays in HIV-1 infection
series of antibody and fusion protein inhibitors of Nef have also been reported. Firstly, an
a-Nef camelid single-domain antibody, sdAb19, was developed which bound Nef with
nanomolar potency and inhibited Nef-mediated CD4 downregulation for Nef alleles across
M, N, O, and P groups, but which did not relieve MHC-I downregulation'?*. Nef-mediated
enhancements to HIV-1 replication and infectivity in cell culture were also inhibited by
sdAb19, as was the Nef:PAK2 interaction, reversing downstream effects on actin
remodeling. Finally, in a mouse model expressing the Nef transgene, sdAb19 reversed Nef-
induced defects to CD4" T cell maturation and activation. Concomitantly, a novel Nef
inhibition approach was described whereby a series of Nef interacting proteins, namely
engineered versions of the Hck SH3 domain and the CD4 cytoplasmic tail, were fused
together to “wrap Nef” and block its activity!'?®. These fusion proteins bound Nef with low-

to high-nanomolar affinities and inhibited Nef-mediated downregulation of cell-surface

CD4, MHC-I, and CCRS5, as well as Nef-mediated infectivity enhancement in cell culture.

Combining the two strategies mentioned above identified Neffins, fusion proteins of
sdAb19 and engineered high-affinity Hck SH3 domains!?%!27, Neffins were found to bind
Nef remarkably well, with picomolar to low nanomolar affinities, as well as inhibiting a
variety of Nef functions, including its interaction and activation of Hck, Nef-mediated CD4
and MHC-I downregulation, Lck relocalization, and infectivity enhancement in cell
culture. Neffins also interfered with a variety of Nef-induced macrophage phenotypes,
including phagocytosis defects, cell fusion induction, and podocyte rosette formation. A
structural basis for Neffin action was later elucidated which identified the engineered Hck
SH3 domain to bind Nef conventionally, engaging the Nef polyproline motif and RT loop
binding pocket, whereas sdAb19 bound to a C-terminal Nef surface opposite of the SH3

binding surface!?*. Interestingly, in vitro experiments observed Neffin binding to form a
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quaternary 2:2 Nef:Neffin complex, which may reflect an unanticipated intracellular

binding mechanism for Neffins.

The interaction between Nef and sdAb19 has also been leveraged for small molecule
inhibitor screening, where a homogenous time-resolved fluorescence assay was adapted to
screen the library of pharmacologically active compounds (LOPAC) for inhibitors of the
Nef:sdAb19 interaction'*®. This in vitro approach identified eight diverse compounds
which inhibited the Nef:sdAb19 interaction and bound Nef; however, these compounds
were not validated or assessed further. A similar time-resolved fluorescence energy transfer
assay was applied in a pilot screen of the LOPAC library for inhibitors of the Nef:Hck-

SH3 interaction, although hits were also not validated or tested further!*°.

1.6 Goals of this thesis

Following nearly twenty years of effort, there is still no ideal Nef inhibitor that exhibits
favourable potency, specificity, toxicity, and pharmacokinetic properties. Although
inhibition of Nef-mediated MHC-I downregulation has been a foremost goal in Nef
inhibitor development, only a handful of scaffolds have been validated for use as tool
compounds, and none have yet been tested in vivo. The central goal of this research is to
develop a potent small molecule inhibitor of Nef-mediated MHC-I downregulation which
can be applied in vivo to study the utility of this inhibitory approach towards an immune-

directed HIV-1 cure.

Previous studies have elucidated two distinct pathways for Nef-mediated MHC-I
downregulation, termed the signaling and stoichiometric modes (see Section 1.3)%7°,
However, it is important to note that the signaling and stoichiometric modes are not
mutually exclusive. In fact, it has been identified that the signaling mode predominates
early in infection, while the stoichiometric mode predominates late in infection, suggesting
a temporal link of regulation between the two modes’®. More importantly, studies with the
Nef:SFK interaction inhibitor, 2c, have identified that pharmacological blockade of the

signaling mode also blocks onset of the stoichiometric mode™. Taken together, this
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suggests that the Nef:SFK interaction is essential for initiating both modes of Nef-mediated
MHC-I downregulation, and thus underscores the Nef:SFK interaction as an ideal target
for inhibition, as opposed to inhibition of Nef’s interactions with MHC-I or the adaptor

protein complexes, which would only block the stoichiometric mode.

In pursuit of a Nef:SFK interaction inhibitor suitable for in vivo study, our group conducted
an in silico docking screen for small molecule binders of Nef, identifying a dipeptide
derivative (H3-1, Figure 1.13) as a candidate lead (unpublished data). Subsequent cell
culture studies characterized the ability of H3-1 to inhibit the Nef:SFK interaction in vitro
and to rescue cell surface MHC-I in HIV-1-infected cells in cell culture with micromolar
potencies. However, preliminary pharmacokinetic studies in mice established H3-1 to be
highly unstable in vivo, with an inability to detect the presence of H3-1 in mouse plasma
within 60 minutes post-administration. Taken together, these preliminary studies
demonstrated that H3-1 is a promising Nef:SFK inhibitor lead compound, but one which

is unstable in vivo and is thus unsuitable for therapeutic application.

Figure 1.13 Structural representation of H3-1.

In light of H3-1’s susceptibility to rapid clearance, we aimed to identify an improved in
vivo stable Nef:SFK inhibitor. For our approach, we decided to use H3-1 as a chemical
starting point to synthesize analogues which should maintain enhanced in vivo stabilities.
Importantly, H3-1 is a dipeptide derivative, and more specifically, a histidyl-tyrosine
dipeptide which maintains an N-terminal N®-benzyloxycarbonyl (Z) capping group.
Peptide inhibitors such as H3-1 are well appreciated in medicinal chemistry as starting

scaffolds owing to their generally favourable properties of low cytotoxicity, high
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specificity, and the existence of robust protocols for their production!>’!32, However,
translation of a peptide from an investigational agent towards a therapeutic often requires
extensive modifications to the peptide’s structure, usually due to issues with membrane

151,152

permeability, oral bioavailability, and/or in vivo stability . Indeed, rapid clearance is a

common phenomenon observed with peptide inhibitors, which is primarily attributed to

153

their susceptibility towards proteolysis'~>. Thus, considering these general properties of

peptides, we hypothesized that H3-1’s rapid clearance in vivo is a result of its proteolysis.

To test this hypothesis and to develop improved in vivo stable Nef:SFK inhibitors derived
from H3-1, we used organic synthesis to generate a panel of peptidomimetic H3-1
analogues incorporating carboxyl and amide replacing groups. Detailed reporting on the
methodologies for these syntheses and their associated chemical characterization studies is
described in Chapter 2. A rationale for and summary of these synthetic efforts is provided
in Chapter 3. Finally, Chapter 4 provides a discussion about the identified compounds and
areas for future study which will be required to identify a potent Nef:SFK inhibitor for in

vivo study.
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Chapter 2

2  Experimental procedures

2.1 General

2.1.1  Synthetic materials and methods

All common reagents and solvents were obtained from commercial sources, were of
American Chemical Society (ACS) reagent grade or higher, and were used without further
purification unless otherwise noted. For high-performance liquid chromatography (HPLC)
and reaction solvents, peptide grade DMF was obtained from Caledon Laboratories
(Georgetown, ON, Canada), Optima grade MeOH and MeCN were obtained from Fisher
Chemical/Thermo Fisher Scientific (Waltham, MA, U.S.A.), HPLC grade DCM was
obtained from Sigma-Aldrich/MilliporeSigma (Burlington, MA, U.S.A.), and anhydrous
THF and dioxane were each prepared by passing through a column of activated alumina.
Milli-Q-filtered water (18.2 MQecm) (MilliporeSigma) was used in HPLC studies and to
prepare all aqueous solutions. Amino acid monomers N*-benzyloxycarbonyl-L-histidine
(Z-L-His-OH) and L-tyrosine methyl ester (L-Tyr-OMe) were obtained from AK Scientific
(Union City, CA, U.S.A.), and N®-benzyloxycarbonyl-D-histidine (Z-D-His-OH) was
obtained from TCI America (Portland, OR, U.S.A.).

All reactions were conducted in oven-dried glassware using Teflon-coated magnetic stir
bars. Reactions performed at elevated temperatures were heated using a temperature-
controlled oil bath, with temperatures measured externally using a mercury-in-glass
thermometer. Unless otherwise noted, solvent was removed at reduced pressures using a
rotary evaporator with a water bath temperature not exceeding 70 °C. Reactions were
monitored using thin layer chromatography (TLC), which was performed on SiliCycle
(Quebec City, QC, Canada) SiliaPlate aluminum-backed 200 pum silica gel F254 TLC
plates. TLC plates were visualized using ultraviolet illumination (A = 254 nm) and/or
staining with 10% (w/v) phosphomolybdic acid (PMA) solution in anhydrous EtOH. Flash
column chromatography was performed with SiliCycle SiliaFlash F60 40-63 um 230 — 400

mesh irregular silica gel.
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2.1.2  Nuclear magnetic resonance

Nuclear magnetic resonance (NMR) spectra were collected at 25 °C on a Bruker (Billerica,
MA, U.S.A.) Avance III HD 400 equipped with an H/FX Bruker SmartProbe or a Bruker
Ascend 600 equipped with an H-FX 5 mm liquids probe. Deuterated solvents were
purchased from Cambridge Isotope Laboratories (Tewksbury, MA, U.S.A.) or Sigma-
Aldrich/MilliporeSigma. Chemical shifts (d) are reported in parts per million (ppm) from
tetramethylsilane (0 ppm) and are referenced to the residual solvent signal: DMSO-ds(2.50
ppm) or MeOH-d, (3.31 ppm) for 'H NMR, and DMSO-ds (8 = 39.5 ppm) for 3*C NMR.
F NMR spectra are presented uncorrected. Multiplicities are described as s (singlet), d
(doublet), m (multiplet), and br s (broad singlet). Coupling constants (J) are reported in
hertz (Hz). Exchangeable protons are denoted as ex (exchangeable) and were qualitatively
determined by acquiring spectra following the addition of D,O to a sample dissolved in
DMSO-ds and/or acquiring spectra in MeOH-d,. Spectral analysis was conducted using
MestReNova software (version 12.0.03; Mestrelab Research, Santiago De Compostela,
Galicia, Spain). Diastereomeric ratios (dr) were quantified by deconvolution of the peaks

of interest.

2.1.3 Mass spectrometry

High-resolution mass spectra (HRMS) were collected on a Bruker micrOTOF II using
electrospray ionization (ESI) with a time-of-flight (TOF) mass analyzer. Samples were
dissolved in a suitable solvent (MeOH or 1:1 (v/v) MeOH and water) and introduced by
direct infusion using a syringe pump. Spectral analysis was conducted using Bruker
DataAnalysis (version 4.2.383.1). Reported values are in m/z. Inductively coupled plasma
mass spectra (ICP-MS) were acquired and analyzed by the Biotron Analytical Services

Laboratory (University of Western Ontario, London, Ontario, Canada).
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2.1.4  High-performance liquid chromatography

Analytical reversed-phase HPLC (RP-HPLC) spectra were obtained using a
Varian/Agilent (Santa Clara, CA, U.S.A.) Microsorb-MV 100-5 C18 column (250 mm %
4.6 mm, 5 um), Waters (Milford, MA, U.S.A.) Delta 600 pump, Waters 600 controller,
Waters prep degasser, and a Waters 2996 photodiode array. Two mobile phases were used,
0.1% trifluoroacetic acid (TFA) in water (A) and 0.1% TFA in MeCN (B). For RP-HPLC,
compounds were dissolved in A for injection and eluted at a flow rate of 1 mL per minute
at room temperature using a gradient from 100% A to 100% B over 30 minutes, followed
by a 10-minute hold of 100% B. The column was then washed with a 10-minute hold of
100% A and equilibrated for 15 minutes prior to the next injection. Chromatogram
acquisition and analysis was conducted using Waters Empower (build number 1154),

monitoring at a range of wavelengths (A =210 — 395 nm).

2.2 Synthesis of Z-L-histidyl-L-tyrosine methyl ester (H3-1
methyl ester, H3-1M)

To a flask charged with EDC*HCI (3.84 g, 20.0 mmol, 1.0 eq), 120 mL of a 1:1 (v/v)
solution of DCM and DMF was added at room temperature under a nitrogenous
atmosphere. The mixture was stirred vigorously until dissolution (approximately 30
minutes), after which it was cooled to 0 °C. Immediately upon reaching 0 °C, Z-L-His-OH
(5.79 g, 20.0 mmol, 1.0 eq) and Oxyma Pure (ethyl cyanohydroxyiminoacetate) (2.84 g,
20.0 mmol, 1.0 eq) were added to the flask. After two minutes, L-Tyr-OMe (3.90 g, 20.0
mmol, 1.0 eq) and DIPEA (3.50 mL, 20.1 mmol, 1.0 eq) were added. The reaction mixture
was stirred at 0 °C for one hour, after which it was allowed to warm to room temperature
and stirred overnight (approximately 22 hours). The reaction mixture was then evaporated
to dryness to yield a crude oil (22 g) which was adsorbed onto silica gel (48 g) and purified
by flash column chromatography, eluting over a gradient of 3 — 10% (v/v) MeOH in DCM.
The resulting solids (7.10 g) were then dissolved in boiling MeCN (25 mL) and EtOAc (75
mL), the solution was cooled slightly, and ethyl ether was added gradually until the cloud

point (30 mL). The solution was made clear again with gentle warming and dropwise
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addition of MeCN and EtOAc, after which it was allowed to stand at 4 °C overnight. The
precipitate was then collected by vacuum filtration and washed with cold EtOAc (100 mL)
to yield H3-1M as a white powder (5.44 g, 11.7 mmol, 58%).

'H NMR (600 MHz, DMSO-ds)*: 6 11.80 (br s, 1H, ex), 9.24 (s, 1H, ex), 8.25 (d, J= 7.5
Hz, 1H, ex), 7.54 (s, 1H), 7.40-7.30 (m, 6H, 1H ex?), 6.98 (d, J = 8.3 Hz, 2H), 6.76 (s, 1 H),
6.66 (d, J = 8.2 Hz, 2H), 5.01-4.96 (m, 2H), 4.40-4.37 (m, 1H), 4.29-4.25 (m, 1H), 3.57
(s, 3H)’, 2.90-2.70 (m, 4H).

BC{'H} NMR (151 MHz, DMSO-ds)*“¢: §171.9, 171.5, 156.0, 155.7, 137.0, 134.6, 130.1,
128.3,127.8,127.6, 127.0, 115.1, 65.4, 54.5, 53.9, 51.8, 35.9, 29.6.

HRMS (ESI-TOF): calculated for C24H27N4O6" [M + H]", 467.1925; found, 467.1919.

dr (L,L:D,L):98.1:1.9.

a Minor peaks consistent with rotamers were observed. In such cases, major and
minor rotamers were integrated as one, while chemical shifts (0), multiplicities, and

coupling constants (J) are reported only for the major rotamer.
b One of six protons was exchangeable due to signal overlap.

c A minor peak (6 3.60) corresponding to the methyl ester protons of the D,L
diastereomer was observed. Deconvolution at ¢ 3.51-3.63 permitted integration of
0 3.60 and 3.57 to quantify relative abundances of the D,L and L,L diastereomers,
respectively (dr, see above). Additionally, deconvolution identified a third peak at
0 3.56, which we attribute to be a rotamer of the parent methyl ester proton peak (0

3.57); however, for simplicity, we have excluded this peak in our calculations.

d Two carbon peaks were not observed, which we attribute to chemical

exchange/dynamics, signal overlap, and/or long relaxation times.
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2.3 Synthesis of Z-D-histidyl-L-tyrosine methyl ester (D, L-
H3-1 methyl ester, D,L-H3-1M)

To a flask charged with EDC+HCI (384 mg, 2.0 mmol, 1.0 eq), 12 mL ofa 1:1 (v/v) solution
of DCM and DMF was added at room temperature under a nitrogenous atmosphere. The
mixture was stirred vigorously until dissolution (approximately 30 minutes), after which it
was cooled to 0 °C. Immediately upon reaching 0 °C, Z-L-His-OH (580 mg, 2.0 mmol, 1.0
eq) and Oxyma Pure (287 mg, 2.0 mmol, 1.0 eq.) were added to the flask. After two
minutes, L-Tyr-OMe (393 mg, 2.0 mmol, 1.0 eq) and DIPEA (0.35 mL, 2.0 mmol, 1.0 eq)
were added. The reaction mixture was stirred at 0 °C for one hour, after which it was
allowed to warm to room temperature and stirred overnight (approximately 20 hours). The
reaction mixture was then evaporated to dryness to yield a crude oil (2.5 g) which was
adsorbed onto silica gel (6.0 g) and purified by flash column chromatography, eluting over
a gradient of 3 — 10% (v/v) MeOH in DCM to yield D,L-H3-1M as a beige off-white
powder (735 mg, 1.6 mmol, 79%).

'H NMR (600 MHz, DMSO-ds)*: § 11.74 (br s, 1H, ex), 9.23 (s, 1H, ex), 8.23 (d, /= 7.9
Hz, 1H, ex), 7.52 (s, 1H), 7.36-7.30 (m, 6H, 1H ex"), 6.96 (d, J = 8.4 Hz, 2H), 6.64 (d, J
= 8.5 Hz, 3H)", 5.01-4.96 (m, 2H), 4.40-4.37 (m, 1H), 4.28-4.24 (m, 1H), 3.60 (s, 3H)",

2.90-2.61 (m, 4H).

BC{'H} NMR (151 MHz, DMSO-ds)*¢: § 171.9, 171.3, 156.0, 155.7, 137.0, 134.7, 130.1,
128.3,127.8,127.6, 127.0, 115.0, 65.4, 54.6, 53.7, 51.8, 36.1, 29.7.

HRMS (ESI-TOF): calculated for C24H27N4O6" [M + H]', 467.1925; found, 467.1929.
dr (D,L: L, L): 90.2:9.8.
a Minor peaks consistent with rotamers were observed. In such cases, major and

minor rotamers were integrated as one, while chemical shifts (0), multiplicities, and

coupling constants (J) are reported only for the major rotamer.
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b One of six protons was exchangeable due to signal overlap.
c The doublet exhibited severe asymmetry due to signal overlap.

d A minor peak (0 3.57) corresponding to the methyl ester protons of the L,L
diastereomer was observed. Deconvolution at ¢ 3.51-3.63 permitted integration of
0 3.60 and 3.57 to quantify relative abundances of the D,L and L,L diastereomers,
respectively (dr, see above). Additionally, deconvolution identified a third peak at
0 3.55, which we attribute to be a rotamer of the parent methyl ester proton peak (0

3.60); however, for simplicity, we have excluded this peak in our calculations.

e Two carbon peaks were not observed, which we attribute to chemical

exchange/dynamics, signal overlap, and/or long relaxation times.

2.4 Synthesis of Z-L-histidyl-L-tyrosinamide (H3-1 C-
terminal amide, H3-1A)

A 7 M solution of NH3 in MeOH (15 mL) was added to a cooled flask (0 °C) charged with
H3-1M (466 mg, 1.0 mmol, 1.0 eq). The flask was sealed, and the solution was stirred
gently at room temperature for 48 hours. The solution was then concentrated to dryness
using a stream of air and the resulting solids were triturated with EtOAc (50 mL) at room
temperature for one hour, collected by vacuum filtration, and washed with additional
EtOAc (100 mL) to yield an off-white powder (428 mg). The precipitate was then dissolved
in boiling MeOH (30 mL) and decolourized with activated charcoal, stirring for 5 minutes.
The solution was vacuum filtered over Celite and evaporated to dryness to yield H3-1A as

a white powder (378 mg, 0.8 mmol, 84%).

"H NMR (600 MHz, DMSO-ds)®: 6 11.79 (s, 1H, ex), 9.15 (s, 1H, ex), 7.85 (d, J= 7.8 Hz,
1H, ex), 7.56 (s, 1H, ex), 7.51 (s, 1H), 7.38-7.29 (m, 6H, 1H ex?), 7.08 (s, 1H, ex), 6.98
(d, J= 8.2 Hz, 2H), 6.76 (s, 1H), 6.63 (d, J = 8.3 Hz, 2H), 5.03-4.96 (m, 2H), 4.34-4.31
(m, 1H), 4.21-4.17 (m, 1H), 2.92-2.70 (m, 4H).
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BC{'H} NMR (151 MHz, DMSO-ds)*<: § 172.9, 170.9, 155.8, 155.7, 136.9, 134.7, 130.1,
128.4,127.82, 127.76, 127.6, 126.9, 114.9, 65.5, 55.0, 54.0, 36.7, 29.7.

HRMS (ESI-TOF): calculated for C23H26NsOs* [M + H]', 452.1928; found, 452.1928.

a Minor peaks consistent with rotamers were observed. In such cases, major and
minor rotamers were integrated as one, while chemical shifts (0), multiplicities, and

coupling constants (J) are reported only for the major rotamer.
b One of six protons was exchangeable due to signal overlap.

c One carbon peak was not observed, which we attribute to chemical

exchange/dynamics, signal overlap, and/or long relaxation times.

2.5 Synthesis of Z-L-histidyl-L-tyrosine nitrile (H3-1 nitrile,
H3-1N)

Under a nitrogenous atmosphere, EtsN (0.56 mL, 4.0 mmol, 4.0 eq) was added to a stirred
suspension of H3-1A (452 mg, 1.0 mmol, 1.0 eq) in THF (25 mL) at room temperature.
The mixture was cooled to 0 °C, after which trifluoroacetic anhydride (TFAA) (0.49 mL,
3.5 mmol, 3.5 eq) was slowly added over five minutes. The resulting solution was stirred
for one hour, after which it was quenched with 20 mL of water. To eliminate any
trifluoroacetylated byproducts, the solution was basified with 1 M NaOH to pH 9 (as
determined by universal pH paper) and stirred at room temperature for two hours. The
solution was subsequently neutralized with 1 M HCI and concentrated to remove volatile
organics. The resulting precipitate was collected by vacuum filtration and washed with cold

water (200 mL) to yield H3-1N as a white powder (387 mg, 0.9 mmol, 89%).

"H NMR (600 MHz, DMSO-ds)®: 5 11.80 (s, 1H, ex), 9.34 (s, 1H, ex), 8.82 (d, J = 7.5 Hz,
1H, ex), 7.54 (s, 1H), 7.48 (d, J= 7.8 Hz, 1H, ex), 7.37-7.31 (m, 5H), 7.08 (d, J= 7.8 Hz,
2H), 6.77 (s, 1H), 6.70 (d, J = 7.8 Hz, 2H), 5.04-4.97 (m, 2H), 4.80-4.76 (m, 1H), 4.25—
421 (m, 1H), 2.95-2.73 (m, 4H).

34



BC{'H} NMR (151 MHz, DMSO-ds)*“’: § 171.5, 156.5, 155.7, 136.9, 134.8, 130.4, 128 4,
127.8,127.7,127.0, 125.5, 119.0, 115.2, 65.5, 54.7, 42.2, 36.6, 29.5.

HRMS (ESI-TOF): calculated for C23H23NsNaO4* [M + Na]*, 456.1642; found, 456.1639.

a Minor peaks consistent with rotamers were observed. In such cases, major and
minor rotamers were integrated as one, while chemical shifts (0), multiplicities, and

coupling constants (J) are reported only for the major rotamer.

b One carbon peak was not observed, which we attribute to chemical

exchange/dynamics, signal overlap, and/or long relaxation times.

2.6 Synthesis of Z-L-histidyl-L-tyrosine tetrazole
hydrochloride (H3-1 tetrazole HCI, H3-1T<HCI)

H3-1N (521 mg, 1.2 mmol, 1.0 eq), NaN3 (156 mg, 2.4 mmol, 2.0 eq), and Et;N*HCI (496
mg, 3.6 mmol, 3.0 eq) were stirred in dioxane (10 mL) under a nitrogenous atmosphere
and heated to 80 °C for 24 hours. The reaction mixture was then diluted with water,
acidified with 1 M HCl to pH 2 (as determined by pH indicator paper), and evaporated to
dryness. To remove any residual azide, the solution was resuspended in water, adjusted to
pH 2, and evaporated again to dryness, after which this step was repeated once more. To
precipitate H3-1T<HCI, the resulting solids were stirred with 1 M HCI1 (50 mL) at 0 °C for
30 minutes, vacuum filtered, and washed with cold 1 M HCI (25 mL), room temperature
EtOAc (30 mL), and room temperature ethyl ether (30 mL). To remove residual EtsN*HCI,
the collected precipitate was dissolved in 15 mL of water adjusted to pH 2, cooled to 0 °C,
and 15 mL of 2 M HCl was added, stirring at 0 °C for 30 minutes. The resulting precipitate
was vacuum filtered and washed with cold 1 M HCI (75 mL) and room temperature methyl
ethyl ketone (MEK) (30 mL) to yield H3-1T<HCI as a white powder (233 mg, 0.5 mmol,
38%).
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'H NMR (600 MHz, DMSO-ds): § 14.32 (br s, 1-2H, ex), 9.27 (s, 1H, ex), 8.96 (s, 1H),
8.84 (d,J = 7.3 Hz, 1H, ex"), 7.59 (d, ] = 8.5 Hz, 1H, ex), 7.38-7.23 (m, 6H), 6.95 (d, ] =
7.8 Hz, 2H), 6.62 (d, J = 7.7 Hz, 2H), 5.28-5.24 (m, 1H), 5.04-4.97 (m, 2H), 4.42-4.39
(m, 1H), 3.15-2.85 (m, 4H).

BC{'H} NMR (151 MHz, DMSO-ds)*<: § 170.2, 156.1, 155.8, 136.8, 133.6, 130.1, 129.5,
128.4,127.8,127.6, 126.7, 116.6, 115.1, 65.6, 53.6, 46.2, 38.0, 26.9.

HRMS (ESI-TOF): calculated for C23H25NgO4" [M + H]", 477.1993; found, 477.2006.

a Minor peaks consistent with rotamers were observed. In such cases, major and
minor rotamers were integrated as one, while chemical shifts (0), multiplicities, and

coupling constants (J) are reported only for the major rotamer.

b Upon the addition of D0, the peak was not appreciably reduced; however, the peak
was not observed in a '"H NMR spectrum obtained in MeOH-d..

c One carbon peak was not observed, which we attribute to chemical

exchange/dynamics, signal overlap, and/or long relaxation times.
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Chapter 3

3  Synthesis and characterization of H3-1 analogues

3.1 Design of H3-1 analogues

Structurally, H3-1 is a modified dipeptide consisting of L-histidine (L-His) as the N-
terminal residue and L-tyrosine (L-Tyr) as the C-terminal residue, as well as incorporating
an N-terminal cap, the N*-benzyloxycarbonyl group (Z) (Figure 3.1). Peptide inhibitors
such as H3-1 are well-known for generally maintaining favourable attributes, such as high
specificity, high potency, and low toxicity; however, they can be difficult to translate into
therapeutic agents primarily owing to their propensity for rapid elimination by
proteolysis!>!"133, Thus, considering H3-1’s peptidic structure and the minute time-scale
half-life observed in mouse experiments, we hypothesized that proteolysis was the primary

mechanism for its elimination in vivo.

Figure 3.1 Structural representation of H3-1. The N-terminal N*-benzyloxycarbonyl
group (Z) is coloured black, the L-histidine residue is coloured blue, and the L-tyrosine

residue is coloured red.

To improve the pharmacological properties of a peptide, medicinal chemists often employ
a synthetic strategy known as peptidomimetics!>*!%5, In this approach, the peptide is
structurally modified to generate closely related derivatives which should exhibit improved
properties, such as reduced proteolysis, while limiting any negative impacts to target
affinity or specificity. Frequently used modifications for developing proteolytically stable

peptidomimetics include the addition of N-terminal and C-terminal capping groups,
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modifications to the peptide backbone, substitution of natural L amino acids for synthetic
ones or their D isomers, as well as more global alterations such as peptide stapling or
cyclization. In fact, usually one approach is not sufficient, but a combination of the above
strategies is required to stabilize the peptide against proteolysis, as well as to improve other

properties such as potency, permeability, hepatic metabolism, and renal excretion.

In selecting which peptidomimetic modifications to pursue for generating H3-1 analogues,
it is important to consider several restricting factors. First, we do not yet have a structural
or pharmacophoric model for H3-1 binding to its target. Additionally, considering the
intrinsic flexibility of H3-1, and the intrinsically disordered and structurally heterogenous
nature of Nef, the proposed but unconfirmed binding target of H3-1, we decided not to
inform our design approach with computational predictions of inhibitor binding. Thus, for
feasibility, we only considered subtle structural modifications, as blindly introducing
drastic changes to the H3-1 scaffold would be more likely to inhibit target binding. Second,
as H3-1 is only a dipeptide derivative, we judged more global modification strategies, such
as peptide stapling or cyclization, to be unsuitable, as these strategies are applied primarily
in longer peptides. Lastly, it is important to point out the synthetically challenging scaffold
that H3-1 presents. H3-1 maintains several reactive groups which can complicate
syntheses, including the imidazole ring of histidine, the phenol ring of tyrosine, and the C-
terminal carboxylic acid. Thus, for many synthetic transformations, these moieties would
require the use of protecting groups, which can themselves provide challenges in
installation and removal, or in ensuring that these protecting groups are not labile under
reaction conditions or in purification procedures. H3-1 also maintains two chiral centers at
the o carbons of each amino acid residue which can be epimerized in many transformations.
Finally, the high polarity of the H3-1 scaffold presents issues for organic solvent solubility,

as well as barriers to compound isolation and purification procedures.

With these factors in mind, to synthesize peptidomimetic analogues of H3-1, we used a
conservative design approach, focusing on producing synthetically feasible compounds
with only local modifications to the parent scaffold. Specifically, we decided to modify
H3-1’s amide and carboxyl groups (Figure 3.2A; highlighted in blue and red, respectively),

two sites which are frequently modified to generate peptidomimetics of improved

38



proteolytic stability!>#+16

. Of note, we did not pursue modifications to H3-1’s N-terminus,
due to the presence of the N-terminal Z group. To replace H3-1’s amide bond, we proposed
to synthesize analogues incorporating the thioamide and methyleneamino groups (Figure
3.2B), and to replace H3-1’s carboxyl group, we proposed to synthesize analogues

incorporating the methyl ester, amide, nitrile, and tetrazole groups (Figure 3.2C).

R__N. 0 _N

o Nj\NHO l]'/ ? HJ\O/ R

: . o)ku H_QkOH Thioamide Methyl ester Nitrile

O =

\©\ H o N-N.

OH R._N. P N

H3-1 R R” “NH, R u
Methyleneamino Amide Tetrazole

Figure 3.2 Overview of H3-1 peptidomimetic design. A) Structural representation of H3-
1 with the amide bond highlighted in blue and the carboxyl group highlighted in red. B)
Summary of proposed amide replacing groups. C) Summary of proposed carboxyl

replacing groups.

3.1.1  The thioamide group

Thioamides (Figure 3.2B), with the simple substitution of an oxygen atom for a sulfur
atom, are true amide isosteres!>”-138, Both amides and thioamides are planar, exhibit cis-
trans isomerism, and have similar steric and electronic properties. Of note, the sulfur atom
is significantly larger than the oxygen atom, the thioamide C=S bond is longer than the
C=0 bond (i.e. more single bond character), and the C—N bond is shorter in thioamides
compared to amides (i.e. more double bond character)!>’-1%°, As well, thioamides are

weaker hydrogen bond acceptors and stronger hydrogen bond donors!6!:162

. Lastly, it is
important to note that the C—N bond in thioamides maintains a greater energy barrier to

rotation compared to amides'6?.
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Many cases exist in the literature where thioamides have been applied to stabilize peptides

164-170_ Interestingly, incorporation of a thioamide only near a peptide’s

against proteolysis
scissile bond has also been noted to be stabilizing!”’. Although still unclear, it has been
purported that the higher barrier to rotation about the C—N bond in thioamides is the key
driver for their reduced proteolysis; however, diminished proteolytic recognition has also
been noted!’*!72, Yet, despite the promising nature of thioamides as minimal peptide

stabilizing units, they are known to be more reactive compared to their amide

counterparts!”, leading to concerns of toxicity.

3.1.2  The methyleneamino group

The methyleneamino group (or, the reduced amide group) (Figure 3.2B) removes the
carbonyl (C=0) component of the amide bond to eliminate its potential for hydrolysis by
proteases. In fact, methyleneamino-containing peptidomimetics have been widely applied
as transition state mimetics for developing inhibitors of proteases such as renin, B-secretase
1, and HIV-1 Protease!’”*!'”7. On a physicochemical level, introduction of the
methyleneamino group removes the planar and cis-trans character of the amide bond,
imparting a greater degree of flexibility, as well as inducing a positive charge on the amine
at physiological pH!””. Thus, while introduction of a methyleneamino group is one of the
most direct approaches to stabilize H3-1 against proteolysis, it is possibly the most drastic

replacing group proposed, and may have severe impacts to target affinity and specificity.

3.1.3  The methyl ester group

In designing carboxyl replacing groups, the methyl ester group (Figure 3.2C) was selected
primarily because the H3-1 methyl ester analogue can serve as a convenient starting
material to generate all other H3-1 analogues (see Section 3.1.7). Indeed, esters are
generally well known for being unstable in vivo due to their rapid hydrolysis. However, the
methyl ester is still an interesting group for studying the structure-activity-relationship of

H3-1-type inhibitors in vitro, as the methyl ester maintains altered electronic and steric
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properties, being bulkier and of neutral charge. As well, by removing the negative charge
of H3-1’s carboxyl group, the methyl ester group may confer improved permeability
properties. It is also tempting to speculate that the methyl ester analogue may serve as a
pro-drug to H3-1, a strategy which can be exploited with other H3-1 analogues, such as the
central amide replacing analogues, and developed further by testing other C-terminal

esters'’s.

3.1.4  The C-terminal amide group

Replacement of a carboxylic acid with a C-terminal amide group (Figure 3.2C) is a popular
modification in peptidomimetics, and has been reported to reduce proteolytic
degradation!*¢!”°, Importantly, the C-terminal amide group removes the negative charge
of the carboxyl without introducing significant bulkiness, and may thus also serve to

improve permeability despite its highly polar character.

3.1.5 The nitrile group

Although a less conventional replacing group for conferring proteolytic stability, C-
terminal nitriles (Figure 3.2C) can be found among reversible covalent peptidomimetic
inhibitors'®, most notably, the SARS-CoV-2 main protease (MP™) inhibitor, nirmatrelvir
(PF-07321332), the principal antiviral component of Paxlovid!®!. Of course, considering
this propensity for nitrile inhibitors to be covalent inhibitors, alongside the possibility of
their metabolism to cyanide, toxicity is a leading concern. Yet, many nitrile-containing
pharmacological agents are approved for therapeutic uses, and not all nitrile-containing
inhibitors are recognized to proceed by covalent inhibition, which merits their study as H3-
1 analogues'®. Indeed, the nitrile group is a highly condensed polarized group, and is
suggestive of a carboxyl isostere. Finally, it is important to note that nitriles are useful

starting materials for synthesizing tetrazoles (see Section 3.1.7).
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3.1.6  The tetrazole group

The tetrazole group (Figure 3.2C) is a well-known isostere of the carboxyl group, with
both groups being planar and maintaining similar pK, values to result in their ionization at
physiological pH!8%183, Moreover, tetrazoles are purported to be metabolically robust,
often not being subject to the same biotransformation reactions as their carboxyl
counterparts, and sometimes even being excreted unchanged!'®3-1%°, Of course, tetrazoles
are also significantly bulkier, more lipophilic, and delocalize the negative charge along the
ring, which together results in significantly altered steric and electronic properties. In line
with these differences, C-terminal tetrazoles have been reported to confer improved

proteolytic stability and permeability properties in peptidomimetics!86:187,

3.1.7  General synthetic approach

For our initial studies on H3-1 peptidomimetics, we intended to synthesize at least one
analogue for each replacing group. A general schematic for compound synthesis is outlined
below (Figure 3.3). Briefly, H3-1 methyl ester (H3-1M) can be synthesized by coupling
the monomers Z-L-His-OH and L-Tyr-OMe (A). Subsequently, H3-1M can be used as a
starting material for producing the H3-1 C-terminal amide (H3-1A) (B) analogue, and
which can in turn be used to generate the H3-1 nitrile (H3-1N) (C) and H3-1 tetrazole (H3-
1T) (D) analogues. In parallel, H3-1M can also be used as a starting material for generating
thioamide H3-1 methyl ester (TH3-1M) (E), and which can in turn be used to generate
methyleneamino H3-1 methyl ester (MH3-1M) (F).
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Figure 3.3 Schematic of proposed chemical transformations for generating

peptidomimetic analogues of H3-1.

3.2 Synthesis of H3-1 methyl ester (H3-1M)

To generate H3-1 methyl ester (H3-1M), we employed solution-phase peptide coupling to

couple the amino acid monomers Z-L-His-OH and L-Tyr-OMe using a reagent

combination of EDC*HCI, Oxyma Pure, and DIPEA in a solvent system of 1:1 DCM and

DMF (Figure 3.4). These reagents and conditions were selected specifically as they have

been demonstrated to produce dipeptides in good yields and with minimal side reactions
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and risks for epimerization!8®!8%, By allowing the reaction mixture to stir at room
temperature overnight, followed by evaporation of the solvent, crude H3-1M could be
isolated at 72 — 85% yields (7.93 — 10.12 g, 17.0 — 21.7 mmol) using flash column
chromatography. Unfortunately, though we did attempt to implement an extractive work-
up step prior to column chromatography, H3-1M was only weakly soluble in EtOAc, hence

necessitating column chromatography of the entire reaction mixture.

o 1 eq. EDC-HCI N=\
1 eq. Oxyma Pure
~ NH HZN\)L ~ o H o
o 1 eq. DIPEA
i /Q:O/ H d J\N NJJ\o/

M Hoo* - go :
go N \Q 1:1 DMF:DCM H oo =
°© oH 0°C, 1h;rt, overnight \©\

72 - 85% OH

Z-L-His-OH L-Tyr-OMe H3-1 methyl ester
(H3-1M)

Figure 3.4 Synthesis of crude H3-1M by solution-phase peptide coupling.

Importantly, a key limitation of synthetic peptide coupling is the potential for epimerization
at the a carbon of each amino acid. Although the conditions used were chosen specifically
for their low epimerization potential, peptide couplings with histidine as the N-terminal
residue are uniquely prone to epimerization. This is because the histidine imidazole group
can act as an intramolecular base to deprotonate the o carbon and drive enolization of the
residue once the histidine active ester is formed (Figure 3.5). Epimerization is especially
evident when the imidazole moiety is unprotected, as it is in our case, and thus we required
a method to assess the isomeric purity of H3-1M by resolving and quantifying the relative

abundances of its L, and D, L diastereomers.
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Figure 3.5 Proposed mechanism for histidine-promoted epimerization during peptide

coupling.

To this end, we synthesized the D,L diastereomer of H3-1M (D,L-H3-1M) at a 79% yield
(735 mg, 1.6 mmol) by using the approach outlined above, but substituting Z-L-His-OH
with Z-D-His-OH (Figure 3.6). While we were unable to separate L,L- and D,L-H3-1M by
RP-HPLC (Figure 3.7A), we identified that the two diastereomers exhibited a 'H NMR
chemical shift inequivalence for the peak corresponding to the C-terminal methyl ester
protons (dz.2 = 3.57 ppm, op,L = 3.60 ppm), and which therefore enables quantification of
their relative abundances (Figure 3.7B). A similar methyl ester 'H NMR peak
inequivalence has also been identified for dipeptides incorporating the phenylglycine
residue!®!®!, By deconvolving the two peaks, we identified that H3-1M obtained directly

following column chromatography maintains approximately ~10% of the D, L isomer.

1 eq. EDC-HCI N=\
N=\ Q 1 eq. Oxyma Pure o )\/NHO
0 v HN - 1 eq. DIPEA o
. on + : - OAN/YN\;)J\O/
@o N \Q 1:1 DMF:DCM @ H oo 2
0 oi 0°C,1h;rt,20h 0
79% OH
Z-D-His-OH L-Tyr-OMe D,L diastereomer of
H3-1 methyl ester
(D,L-H3-1M)

Figure 3.6 Synthesis of D,L-H3-1M by solution-phase peptide coupling.
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Figure 3.7 'H NMR permits quantification of L,L and D,L diastereomer abundances
in H3-1M. A) Partial RP-HPLC chromatogram (A =275 nm) of a 1:1 mixture of L,L- and
D,L-H3-1M, indicating an inability to separate the two diastereomers. The presented
chromatogram is representative of three independent injections (N = 3). B) Partial 'H NMR
spectra for crude L,L-H3-1M (top) and D,L-H3-1M (bottom) in DMSO-ds, highlighting the
methyl ester '"H NMR chemical shift inequivalence (51,2 = 3.57 ppm, dp,. = 3.60 ppm).

In order to reduce the abundance of the contaminating D, L diastereomer, we developed an
additional purification step, whereby H3-1M was reprecipitated from a solvent mixture of
MeCN, EtOAc, and ethyl ether. On smaller scales, this step was able to consistently reduce
the presence of the D, L diastereomer to just 1 — 2%, with approximately 50 — 60% recovery.

With the above methodologies in place, we synthesized H3-1M on a multi-gram scale at
an overall 58% yield (5.44 g, 11.7 mmol) (Figure 3.8). 'H and "*C{'H} NMR studies
demonstrated the product to be of consistent identity with H3-1M, and which was further
supported with HRMS ([M + H]*calc = 467.1925, [M + H]"obs = 467.1919) (Appendices 2
—5). Finally, purity assessment by RP-HPLC (monitoring at wavelengths A =220 and 275
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nm) identified the material to be homogenous (Appendix 6) and 'H NMR studies

quantified an abundance of 1.9% for the D,L diastereomer.

1 eq. EDC-HCI N=\
1 eq. Oxyma Pure o X/ g
HoN H
2 QL 1eq.DIPEA oA N
g 1:1 DMF:DCM g H oo =
0°C,1h;rt,22h \CL
58%, dr=98.1:1.9 oH

Z-L-His-OH L-Tyr-OMe H3-1M

Figure 3.8 Final synthesis of H3-1M.

3.3 Synthesis of H3-1 C-terminal amide (H3-1A)

To generate the H3-1 C-terminal amide analogue (H3-1A), we used H3-1M as the starting
material to afford H3-1A by ammonolysis (Figure 3.9). By dissolving H3-1M in an
appropriate volume of 7 M NH3; in MeOH solution, H3-1M was typically consumed within
48 hours at room temperature. At this point, the solvent was evaporated, most conveniently
using a stream of air, and the resulting solids were triturated with EtOAc to remove trace
non-polar impurities. Vacuum filtration and additional EtOAc washes afforded a crude
product at a 95% yield (0.43 g, 1.0 mmol). Of note, this crude product visibly maintained
faint coloured impurities, but which were not detectable by NMR. However, out of an
abundance of caution, crude H3-1A was purified further by treatment with activated
charcoal, followed by filtration over celite, which provided H3-1A at an overall 84% yield
(378 mg, 0.8 mmol). In initial syntheses, a slightly altered approach was also trialed,
whereby H3-1M was suspended in a 1:1 (v/v) solution of MeOH and concentrated
ammonia water, which following partial evaporation to remove volatiles, precipitated H3-
1A at a 75% yield (0.37 g, 0.8 mmol). Although this method exhibited a lower yield and
was less convenient owing to the requirement for rotary evaporation of the ammonia
solution, the aqueous method was found to proceed much quicker, usually being complete
within 6 — 8 hours, as compared to ammonolysis with NH3; in MeOH, which was complete

within 48 hours.
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Figure 3.9 Synthesis of H3-1A by the ammonolysis of H3-1M.

'H and BC{'H} NMR studies were consistent with the identity of H3-1A, most notably,
with the disappearance of the methyl ester proton peak in 'H NMR spectra (Appendices
12 — 14). The identity of H3-1A was further confirmed by HRMS ([M + H] " caic = 452.1928,
[M + H] obs = 452.1928), and purity assessment by RP-HPLC (monitoring at wavelengths
A =220 and 275 nm) identified the material to be homogenous (Appendices 15 — 16).

3.4 Synthesis of H3-1 nitrile (H3-1N)

H3-1 nitrile (H3-1N) was generated by the dehydration of H3-1A (Figure 3.10)'°>!%, By
suspending H3-1A in THF, followed by the addition of EtsN and TFAA, H3-1A was
smoothly converted to H3-1N over one hour, after which the reaction was quenched with
the addition of water. Of note, H3-1A and H3-1N’s other nucleophilic groups can react
with TFAA, for example, to result in trifluoroacetylation on the imidazole ring of histidine
or the phenol ring of tyrosine, and which would eventually yield a trifluoroacetylated H3-
IN derivative. In support of this side reaction, TLC analysis displayed abundant impurities,
and products obtained directly from the reaction revealed pronounced peaks in ’F NMR
spectra (Appendix 17). However, basification of the reaction mixture to pH 9 and stirring
at room temperature for two hours was sufficient to ensure near-complete consumption of
any trifluoroacetylated byproducts, as indicated by the presence of only trace peaks in '°F
NMR spectra (Appendix 18). Following quenching and basification, the reaction was

neutralized, volatiles were removed by evaporation, and the resulting white precipitate was

48



collected by vacuum filtration, washing with cold water, to provide H3-1N at an 89% yield

(387 mg, 0.9 mmol).

X' 3.5 eq. TFAA o ~

(o]
H 4.0 eq. Et3N Ho
O)LN/g:\l/\)J\NHZ a-=h o N N~
H oo = THF, 0°C, 1h H o =
o, o= o
OH OH

H3-1A H3-1 nitrile
(H3-1N)

Figure 3.10 Synthesis of H3-1N by the dehydration of H3-1A.

As for other analogues, 'H and *C{'H} NMR studies were consistent with the identity of
H3-1N, and which was further confirmed by HRMS ([M + Na]*caic = 456.1642, [M +
Na]*ops = 456.1639) (Appendices 19 — 22). To our surprise, despite the minimal work-up,
H3-1N obtained from this procedure was identified to be a homogenous material by RP-

HPLC (monitoring at wavelengths A =220 and 275 nm) (Appendix 23).

3.5 Synthesis of H3-1 tetrazole (H3-1T)

The primary method for synthesizing 5-substituted 1H-tetrazoles is by cycloaddition of a
nitrile derivative with azide'®*'*. In this manner, the most straightforward method to
produce H3-1T is by cycloaddition of H3-1N with azide. Several approaches exist for this
transformation, although most are marked with a necessity for harsh conditions or strong
Lewis acids, in addition to posing serious combustion and toxicity risks. In light of these
issues, we determined to generate H3-1T by reaction of H3-1N with sodium azide and zinc
bromide, a method which is reported to occur in mild conditions, with wide applicability,
and with generally high yields and simple workups!®. As well, this approach has been
applied to generate amino acid tetrazoles and was noted to typically proceed with low

levels of racemization!?°.
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To this end, refluxing H3-1N, NaN3, and ZnBr; in a solvent system of water and
isopropanol was found to reliably consume H3-1N within 20 — 24 hours (Figure 3.11).
Concentration of the reaction mixture to remove isopropanol readily precipitated off-white
solids which were anticipated to be crude H3-1T. Interestingly, these solids were insoluble
in many solvents which dissolved other H3-1 analogues, most notably, methanol, and 'H
NMR studies of these solids revealed spectra to be exclusively comprised of broad peaks
with a lack of splitting; however, the chemical shifts of these peaks agreed with what would
be expected for H3-1T (Appendix 24). Considering these surprising properties, the use of
zinc bromide as a catalyst in this reaction, and the well-known propensity for imidazoles
and tetrazoles to chelate transition metals, we hypothesized that over the course of the
reaction and during workup, H3-1T coordinates Zn?>* ions to form an organometallic

complex, hereafter denoted as H3-1T:Zn.

< NH 1.0 —2.0 eq. NaN3 o N
N 0.5-1.0 eq. ZnBr, H o N
P NVLN'

H =
@”okuﬁz/ fffffffffffffffffffffffffffffffffffffff S OREDag:
o = H,0:i-PrOH, reflux 0 3
\CL 2024 h @\
OH OH

H3-1N H3-1 tetrazole
(H3-1T)

Figure 3.11 Trial synthesis of H3-1T by reaction of H3-1N with NaN3 and ZnBr.

To test the idea that the isolated solids consist of an H3-1T:Zn complex, we used ICP-MS
to quantify the abundance of zinc in the crude product. In line with our hypothesis, ICP-
MS quantified approximately 8% of the crude product to be zinc by mass (79187.50 pg/g),
evidencing that the immediate reaction product is an H3-1T:Zn complex, and is likely even

a mixture of complexes with varied stoichiometries (i.e. 1:1 to 1:4 H3-1T:Zn).

In an attempt to isolate H3-1T from the H3-1T:Zn complex, we trialed a number of
purification strategies, primarily focusing on the selective precipitation of zinc as zinc

sulfide. Specifically, we tested adding excess NaHS to acidic or basic solutions of H3-

50



1T:Zn, as well as bubbling H>S gas into an acidic solution of H3-1T:Zn. However, despite
numerous attempts to optimize this approach, H3-1T recovered following sulfide treatment
was noted to still maintain residual zinc as identified by poor sample solubility and the
presence of broad peaks with a lack of splitting in 'H NMR spectra. In addition, we piloted
the use of metal scavenging resins to reduce zinc levels in sulfide-treated H3-1T samples;

however, we again did not observe a substantial reduction in residual zinc.

Alternatively, we decided to test the use of EDTA, a uniquely potent chelator of transition
metals, by adding excess EDTA to a basic solution of H3-1T:Zn. Interestingly, following
treatment with EDTA, we were able to isolate solids with good solubility characteristics
and sharp '"H NMR spectra, suggesting that this method effectively frees H3-1T from the
H3-1T:Zn complex. However, we also noted free H3-1T to be moderately water soluble,
which complicated its isolation from EDTA, the EDTA:Zn complex, and other impurities.
We additionally remained concerned that the procedure would not be sufficient to reduce

zinc concentrations to a permissible level for biological study (i.e. < 100 ppm).

Thus, considering the difficulties encountered in purifying H3-1T from zinc, we aimed to
instead generate H3-1T by a transition metal-free method. Importantly, prior to the use of
zinc salts, ammonium salts were one of the primary catalysts used to generate 5-substituted
1 H-tetrazoles by cycloaddition of nitriles and azide. Indeed, the original report by Lofquist
and coworkers identified that heating substituted nitriles with sodium azide and ammonium

chloride in DMF typically provides the appropriate tetrazoles in good yields!®’.

To test this approach, we heated 1.0 eq. H3-1N, 1.1 —1.2 eq. NaN3, and 1.1 — 1.2 eq. NH4Cl
in DMF to 90 °C for 24 hours or 110 — 120 °C for 48 hours (Figure 3.12). Unfortunately,
only partial consumption of H3-1N could be achieved, and upon work-up, only a small
portion of an impure product was obtained. We hypothesized that the imidazole of H3-1N
may be competing for protonation by ammonium chloride, thereby resulting in the
observed poor conversion of H3-1N to H3-1T. To this end, we repeated this reaction,
heating 1.0 eq. H3-1N, 1.2 eq. NaN3, and 2.2 eq. NH4Cl in DMF to 90 °C for 24 hours
(Figure 3.12). Although an increase in H3-1N consumption was noted, again only a small

crop of an impure product was obtained.
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Figure 3.12 Trial synthesis of H3-1T by reaction of H3-1N with NaN3 and NH4Cl.

Inspired by several reports which have reworked the original NaN3 / NH4Cl / DMF method

197-19 " we decided to

by changing the ammonium salt and solvent system of choice
substitute DMF for dioxane and ammonium chloride for triethylammonium chloride. We
chose to replace DMF with dioxane, as we suspected that the use of DMF was resulting in
the abundant formation of impurities, as has been observed by others!®. Meanwhile
dioxane was predicted to be unreactive in the selected conditions, which alongside its
favourable solubility characteristics and ideal boiling point, made it a prime candidate for
evaluation. Consequently, we selected triethylammonium chloride as the ammonium salt

catalyst due to its improved solubility profile and past reports noting a similar reactivity to

ammonium chloride.

Following this approach, 1.0 eq. of H3-1N, 2.0 eq. of NaN3, and 3.0 eq. of Ets3N*HCI were
heated in dioxane to 80 °C for 24 hours (Figure 3.13). TLC analysis identified near
complete consumption of H3-1N, and the reaction was worked up by serial evaporation
from acidic water to remove residual azide as HNsz. As part of our studies, we
serendipitously identified that H3-1T precipitates from 1 M HCI, presumably as the
hydrochloride salt. Thus, following acidic evaporation steps, H3-1T was precipitated by
stirring in 1 M HCI, and reprecipitated once more to remove residual triethylammonium
chloride, providing the hydrochloride salt of H3-1T (H3-1T+HC]l) at a 38% yield (233 mg,
0.5 mmol).
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Figure 3.13 Synthesis of H3-1T*HCI by reaction of H3-1N with NaN; and Et:N*HCI.

As for other analogues, 'H and *C{'H} NMR studies were consistent with H3-1T<HCI,
and the product’s identity was further supported with HRMS ([M + H]"calc = 477.1993, [M
+ H]obs = 477.2006) (Appendix 25 — 29). As well, RP-HPLC studies (monitoring at
wavelengths A =220 and 275 nm) identified the product to be homogenous (Appendix 30).

3.6 Attempted synthesis of thioamide H3-1 methyl ester
(TH3-1M)

To produce thioamide H3-1 methyl ester (TH3-1M), we decided to directly thionate H3-

1M, as several reports exist in the literature describing the direct thionation of orthogonally

protected dipeptides!69-200-201,

Notably, thionation using a reagent combination of P4Sio and hexamethyldisiloxane
(HMDSO) has been successfully applied to orthogonally protected dipeptides and was
noted to be superior to Lawesson’s reagent or P4S1o alone, the most widely used thionating
reagents??%292, Using this approach, 1.0 eq. of H3-1M was refluxed at 55 — 60 °C with 1.0
— 1.3 eq. of P4S10 and 5.0 — 5.5 eq. of HMDSO 1in a solvent system of 9:1 DCM and MeCN
for five hours, followed by a second addition of 1.0 eq. of P4Sio and 5.0 eq. of HMDSO
and continued reflux overnight (Figure 3.14). Following evaporation of the solvent, one to
two rounds of column chromatography, and an extractive work-up, a yellow solid was
obtained (111 — 390 mg product from 0.47 —3.97 g (1.0 — 8.5 mmol) H3-1M), which was
consistent with TH3-1M, as indicated by 'H and '3C {'H} NMR studies and HRMS ([M +
H] " calc = 483.1697, [M + H] obs = 483.1707) (Appendices 31 — 33). However, the product
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was noticeably impure by NMR, and the method additionally suffered from being low

yielding, highly laborious, difficult to replicate, and extremely odorous.

N/\ N/\
X 20- 239q P4S10 X
H\)L 10.0 - 10.5 eq. HMDSO H\)L

“erpomMecn @
\©\ reflux, overnight \©\

H3-1M Thioamide H3-1 methyl ester
(TH3-1M)

Figure 3.14 Trial synthesis of TH3-1M by the thionation of H3-1M.

Attempts to optimize the above method by altering stoichiometry, order of addition,
solvents, and work-up strategies were trialed but to no success, with most adjustments
lowering the obtained yield or increasing tediousness. Several alternative thionating
procedures were also tested, including lone P4S10?®}, Lawesson’s reagent®™*,
P4Sio/pyridine?®®, P4S10/Na,CO32%, and the reagent combination of PCls, thiourea, and
DMF?%!, However, these methods were similarly unsuccessful in providing a higher-
yielding, less tedious, and cleaner procedure for generating TH3-1M. Considering the

issues associated with producing TH3-1M, further attempts to optimize its synthesis were

not pursued.

3.7 Attempted synthesis of methyleneamino H3-1 methyl
ester (MH3-1M)

Attempts to synthesize MH3-1M were conducted by reducing the thioamide of TH3-1M
to a methyleneamino group with nickel boride. Notably, a past report characterized this
method as effective for the reduction of thioamide-containing dipeptides maintaining N-
terminal Z and C-terminal methyl ester protecting groups, and to be more effective than

the use of Raney nickel or diborane?’
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Following this approach, 1.0 eq. of crude TH3-1M and 8.0 eq. of NiCl*6H,O were
dissolved in a 1:3 solvent system of THF and MeOH, after which 24 eq. of NaBH4 were
added in portions to generate an excess of the reducing agent, nickel boride, in situ (Figure
3.15). The reaction was stirred for 15 minutes at 0 °C, after which it was quenched by
filtration over celite, and evaporated to dryness. The crude grey mass was taken up in acidic
water (pH =~ 1) and washed twice with EtOAc. The aqueous fraction was then basified (pH
~ 11) and extracted a total of eight times with EtOAc, after which the organic fractions

were combined and evaporated to yield a crude white solid (40 mg product from 145 mg

crude TH3-1M).

N=N N\
N 8 eq. NiCly*6H,0 "

N
ﬁfu 240q NaBHa H Ao
@ 1:3 THF:MeOH @

\Q 0°C, 15 min \Q

TH3-1M Methyleneamino H3-1 methyl ester
(MH3-1M)

Iz

Figure 3.15 Trial synthesis of MH3-1M by the reduction of TH3-1M.

Although '"H NMR spectra were only modestly suggestive for the formation of MH3-1M,
MS studies better supported that the crude product contained MH3-1M ([M + H] calc =
453.2132, [M + H]"obs = 453.2156) (Appendices 34 — 35). However, only a small crop of
a highly impure product was obtained, making further studies difficult. As well,
considering the propensity for H3-1-like compounds to chelate transition metals, as was
found for H3-1T and zinc, it is anticipated that MH3-1M could be a nickel chelator, and
which may be complicating its isolation. Regardless, owing to issues with generating TH3-
IM, we were unable to further pursue this transformation, especially to optimize its

isolation and purification procedures.
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Chapter 4

4 Discussion and conclusions

4.1 General summary

By reducing cell surface levels of MHC-I, Nef facilitates efficient evasion of CTL killing
for HIV-1-infected cells, which compromises the efficacy of several immune-directed
HIV-1 cure approaches®23%96:113.118 Tnhibition of Nef-mediated MHC-I downregulation is
therefore an attractive pharmacological target to functionalize an immune-directed HIV-1

cure strategy; however, no such inhibitor exists to-date that is suitable for in vivo study.

Herein, we described our attempts to synthesize in vivo stable inhibitors of Nef’s
interactions with the SFKs, an upstream step in Nef-mediated MHC-I downregulation.
These inhibitors were derived from a previously identified lead compound, termed H3-1,
which was characterized to inhibit the Nef:SFK interaction in vitro and to rescue cell
surface MHC-I in HIV-1-infected cells in cell culture, but which is rapidly cleared in vivo.
Considering that H3-1 is a dipeptide derivative, we hypothesized that its observed in vivo

instability arises from a high susceptibility to proteolysis.

In this thesis, we prepared a panel of peptidomimetic H3-1 analogues, with the goal of
developing compounds of improved proteolytic stabilities. Specifically, four analogues
(H3-1M, H3-1A, H3-1N, and H3-1T) which maintained functional group replacements of
H3-1’s carboxyl group were synthesized, isolated, and chemically characterized. As well,
synthetic efforts were made towards two analogues (TH3-1M and MH3-1M) incorporating
functional group replacements of the amide group. Through future biological studies to
characterize these compounds on measures of potency, toxicity, and biostability, as well as
additional rounds of chemical optimization, we aim to identify an in vivo stable Nef

inhibitor for evaluation as part of an immune-directed HIV-1 cure.
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4.2 Synthesis of carboxyl replacing H3-1 analogues

Four H3-1 analogues incorporating carboxyl replacing groups were generated, namely, H3-
IM, H3-1A, H3-IN, and H3-1T, which maintain C-terminal methyl ester, amide, nitrile,
or tetrazole groups, respectively. Importantly, the syntheses described in this thesis were
not optimized for yields, and multiple alternative methods can be used to reach each
analogue to improve final compound yields and/or simplify the workflow. Finally, as is
discussed below, isomeric purity was not assessed for each carboxyl replacing analogue
besides H3-1M; however, carboxyl transformations can result in side reactions, leading to
peptide epimerization at the C-terminal residue. Thus, it will be imperative for future
studies to replicate and quantify the extent of epimerization for each synthesis, such as by

chiral chromatography.

421 H3-1M

The synthesis of H3-1M was accomplished using solution-phase peptide coupling between
Z-L-His-OH and L-Tyr-OMe!#-1% Our approach used a histidine monomer with an
unprotected side chain, which while more direct and simpler in theory, complicated the
synthesis of H3-1M due to solubility issues and abundant formation of the D,L
diastereomer, at approximately 10%. An additional purification step was therefore
required, which lowered the overall yield appreciably and was ultimately unable to fully
eliminate the D, L diastereomer. In the future, coupling using a protected histidine monomer
would be preferable to avoid these issues. On the other hand, the tyrosine monomer does
not require protecting, as it maintains good solubility in organic solvents, and more

importantly, is not known to contribute to epimerization.

422 H31A

The synthesis of H3-1A was accomplished by the ammonolysis of H3-1M. Although we
used ammonia in methanol solution for our approach, which yielded H3-1A following 48

hours of reaction, we also noted that the use of aqueous ammonia and methanol yielded
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H3-1A in a shorter timeframe of 6 — 8 hours. It is also important to note that ammonolysis
necessitates strongly basic conditions, which can result in epimerization at the C-terminal
residue for H3-1M, and can in turn, produce a mixture of L,L and L,D diastereomers for
H3-1A. However, in this thesis we did not quantify the extent of epimerization during
ammonolysis. It is also unknown which procedure for generating H3-1A would result in
higher rates of epimerization: a longer reaction time in anhydrous conditions (ammonia in

methanol solution), or a shorter reaction time in aqueous conditions.

423 H3-1N

H3-1N was generated by the dehydration of H3-1A with TFAA and EtsN!°%!%3, To our
surprise, this synthesis proceeded cleanly and in high yield with only minimal work-up.
However, a large excess of TFAA and EtsN was required to ensure completion of the
reaction, most likely due to trifluoroacetylation of the histidine and tyrosine sidechains.
Basification of the reaction to pH 9 was therefore necessary to remove any
trifluoroacetylated byproducts. Of note, this basic work-up step may introduce some risks
of epimerization at the C-terminal residue, especially considering the polarized nature of

the nitrile group.

424 H3A1T

H3-1T was ultimately prepared by heating H3-IN with sodium azide and
triethylammonium chloride in dioxane. However, the reaction presents serious toxicity and
explosivity risks, as well as providing only suboptimal yields. In future syntheses, yields
for the current method can likely be improved by simplifying the work-up, such as by
directly acidifying the reaction mixture to precipitate H3-1T<HCIl. Additionally,
triethylammonium chloride can be substituted for another ammonium salt, such as
benzylamine hydrochloride, which has been associated with improved reactivity and safety

in a past report!®®,
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Additionally, we identified the reagent combination of sodium azide and zinc bromide to
efficiently convert H3-1N to H3-1T, but this method was hampered by the formation of
H3-1T:Zn complexes and an inability to effectively isolate H3-1T free from any residual
zinc. This is a critical issue, as residual transition metals, including zinc, are well known to
cause false-positive readouts in biological studies??®2!%, Yet, the identification that 1 M
HCI precipitates H3-1T*HCI suggests that it may be possible to isolate zinc-free H3-1T
following reaction with sodium azide and zinc bromide. Another alternative to generate
H3-1T would be to first install the C-terminal tetrazole moiety on L-tyrosine, similarly as
has been reported before!*®?!! followed by peptide coupling of this tyrosine tetrazole
monomer with Z-L-His-OH to generate H3-1T (Figure 4.1). Indeed, it will be imperative
to evaluate which of the above synthetic approaches is most favourable, especially when

considering safety, simplicity, cleanliness, yields, and epimerization rates.

Nf\NH
Nj\NH N S NN
j.J\ OH + HZN\/LN' ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, - OJJ\N N\/LN'
0" N H Ho H
"o L
OH OH
Z-L-His-OH L-Tyr-tetrazole H3-1T

Figure 4.1 Proposed synthesis of H3-1T by coupling Z-L-His-OH and L-tyrosine

tetrazole.

4.3 Synthesis of amide replacing H3-1 analogues

The synthesis of two central amide replacing analogues was attempted, TH3-1M and MH3-
IM, which incorporate the thioamide and methyleneamino replacing groups, respectively.
Although both TH3-1M and MH3-1M were successfully formed, we were unable to isolate

the analogues in good purity, nor were they generated on-scale with acceptable yields.
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431 TH3-1M

For the synthesis of TH3-1M, thionation of H3-1M using P4S10 and HMDSO was found to
be most successful??%22; however, the method is still prohibitive owing to its low yields,
tediousness, and stench. Future studies should focus on the development of a higher
yielding and more feasible approach. Although several alternative thionating agents were
trialed, including P4S10?%3, Lawesson’s reagent?®*, P4Sio/pyridine?®®, P4S10/NaxCO32%, and
the reagent combination of PCls, thiourea, and DMF??!, we were unable to identify a more
suitable method for producing TH3-1M. However, each of these methods can be explored
further by optimizing on stoichiometry, scale, solvents, temperature, and other variables.

Many more thionating agents exist which can also be tested including elemental sulfur?!?,

P4S10/A10313, or Belleau’s reagent®!#, as well as thioacylation approaches!6%-215-216,

Although it is not entirely clear where the issues in generating TH3-1M stem from, it is
likely due to the reactivity of the histidine imidazole group towards P4Sio and its related
thionating reagents. Indeed, in the original report on the P4S10/HMDSO method, when
reactants maintained a basic nitrogen, or pyridine was used as the solvent, low yields and
the abundant formation of insoluble solids was noted?’?; both of which were observed in
our case. In line with this reasoning, P4S1¢ in pyridine is known to generate a P4S1o:pyridine
complex, highlighting the reactivity of basic nitrogens towards P4S10°%. Additionally, N, N-
chelated phosphorus complexes derived from P4Sio:pyridine have been described, and
from which the desired compound was isolated only after basic hydrolysis (Figure 4.2)>!".
It is tempting to speculate that H3-1M and/or TH3-1M may be forming a similar complex
in the presence of P4Sio or its related thionating reagents, yet this remains to be
demonstrated. If confirmed, it may therefore be possible to isolate TH3-1M in good yields
following its formation through P4Sio:pyridine, or another thionating approach, followed
by a basic work-up as previously described?!”. However, this approach may prove faulty,
as thiopeptides can easily epimerize in basic conditions?'®2!. Alternatively, histidine side
chain protecting groups can be trialed; however, these may also hamper the formation of

TH3-1M by introducing steric barriers.
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Figure 4.2 Examples of /N,N-chelated phosphorus complexes derived from

P4Sm:pyridine.

43.2 MH3-1M

To generate MH3-1M, we pursued the reduction of TH3-IM by nickel boride?"’.
Unfortunately, issues in producing TH3-1M on larger scales stalled the development and
optimization of this method. As well, pilot syntheses using this approach were noted for
the formation of numerous by-products, difficulties in work-up, and the potential for nickel
chelation by MH3-1M. Future studies to generate MH3-1M from the reduction of TH3-
IM should focus on optimizing isolation procedures for the nickel boride method, and to
test if nickel complexation is an issue. Otherwise, alternative reduction approaches can be

1220 or borane??!, although selectivity is likely to be an issue.

applied such as Raney nicke
More promisingly, reductive amination can be used to generate MH3-1M by coupling an

aldehyde derivative of Z-L-histidine (Z-L-His-CHO) with L-Tyr-OMe (Figure 4.3).

NI\
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Z-L-His-CHO L-Tyr-OMe MH3-1M

Figure 4.3 Proposed approach to generate MH3-1M by reductive amination. Of note,
for simplicity, the unprotected aldehyde derivative Z-L-His-CHO is shown; however,

protection of the histidine sidechain is anticipated to be necessary.
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4.4 Future directions

4.4.1  Synthesis of additional H3-1 analogues

Although this thesis focused on generating proteolytically stable H3-1 analogues by
substituting its amide and carboxyl groups, numerous other sites on H3-1’s scaffold merit
potential modification. Indeed, if the analogues described herein do not maintain reduced
proteolysis, additional substitutions can be introduced, including replacement of the
histidine and tyrosine residues for synthetic amino acids or their D isomer counterparts, N-
methylation of the amide bond, or even installation of alternative amide and carboxyl
replacing groups!>156222 The carbamate linker which connects the N-terminal Z group
and the histidine residue may also be prone to hydrolysis, and may therefore require

substitution??3,

Future studies should also evaluate H3-1 analogues on other pharmacokinetic parameters,
including hepatic metabolism, permeability, and renal excretion, each of which may
necessitate chemical modification. Indeed, the polar and ionizable nature of H3-1 and its
analogues may result in their rapid renal excretion and poor permeability??*?2°, Numerous
sites on the H3-1 scaffold are also prone to hepatic metabolism, such as the phenyl ring of
the Z group??. Finally, it is important to note that H3-1 is a highly flexible molecule, and

rigidification of the scaffold may improve compound affinity and specificity??’.

4.4.2 Biological study of H3-1 analogues

In the immediate future, we intend to biologically characterize our synthesized H3-1
analogues, and have identified a set of preliminary studies to evaluate each compound on
measures of cytotoxicity, potency, and proteolytic stability. To quantify cytotoxicity, we
propose to use the CellTiter-Glo assay (Promega, Madison, WI, U.S.A.), which is a
luminescent cell viability assay. Alternative approaches, such as the MTT assay, can be
used as well. To quantify potency, we propose to use the split luciferase NanoBiT assay
(Promega)??8. In the NanoBiT approach, Nef and Hck proteins are fused in frame with one

half of a split luciferase, NanoLuc. Transfection of these fusion protein constructs should
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reconstitute the luciferase protein upon interaction of Nef and Hck, thereby providing a
convenient method to quantify Nef:SFK interaction inhibition. Of note, the NanoBiT assay
is conducted in live cells and the reconstitution of NanoLuc is reversible, making the assay
particularly amenable to small molecule inhibition studies. We also propose to test each
inhibitor in HIV-1-infected cells to quantify cell surface MHC-I rescue by flow cytometry,
a method which our group has applied extensively to study H3-1. Finally, to evaluate the
proteolytic stability of each H3-1 analogue, we propose to use a plasma LC-MS assay, a
standard approach for evaluating peptide proteolytic stability??’. In this experiment, the
inhibitor of interest is incubated at a set concentration in plasma, and compound
concentrations are monitored over time by LC-MS to derive a correlative readout of

proteolytic stability.

Beyond these initial studies, H3-1 and its analogues should be studied further to better
understand their mechanism of action. Using techniques such as surface plasmon resonance
(SPR), microscale thermophoresis (MST), or other protein binding studies, the binding
target of H3-1-type inhibitors can be identified, especially to test whether it is Nef, the
SFKs, the Nef:SFK complex, or an entirely alternative target. By identifying the binding
target, it is then feasible to derive the binding pocket for these inhibitors, such as by using
protein NMR or X-ray crystallography studies, which can then inform the synthesis of
additional H3-1 analogues. Finally, to evaluate their suitability for in vivo study, it will be
critical to characterize the pharmacokinetics of each H3-1 analogue more completely,

including their permeability, metabolism, and excretion profiles.

4.5 Conclusions

Despite significant progress in treating and controlling HIV-1 infection in PLWH, there is
still no practical cure for HIV-1 infection. The HIV-1 Nef protein plays a major role in
inhibiting several leading curative approaches dependant on CTL action, primarily by
downregulating cell surface levels of MHC-I in infected cells??>%96113.118  Nef’s

interactions with the SFKs have been established as an essential step in Nef-mediated
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MHC-I downregulation®~"", identifying Nef:SFK interaction inhibitors as promising

adjuvants for an immune-directed HIV-1 cure.

In this thesis, we developed a peptidomimetic series of potential Nef:SFK inhibitors
derived from a previously identified lead compound (H3-1), and which are predicted to
maintain improved in vivo stabilities. Four inhibitors incorporating replacements of the
parent molecule’s carboxyl group were isolated on-scale and are prepared for immediate
biological characterization. With future studies to evaluate these compounds on potency,
toxicity, and pharmacokinetic parameters, we aim to identify a Nef:SFK inhibitor suitable
for in vivo study. We anticipate that application of a potent and in vivo stable Nef:SFK

inhibitor will be crucial for the success of an immune-directed HIV-1 cure.
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Appendix 1. Baseline RP-HPLC chromatograms. Chromatograms are representative of
three independent injections (N = 3). A) Monitoring at A = 220 nm. B) Monitoring at A =
275 nm.
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Appendix 2. 'H NMR spectrum of H3-1 methyl ester (H3-1M) in DMSO-ds. Inset:
magnification of the methyl ester proton peak (0 3.57), highlighting a trace presence of the
D, L diastereomer (6 3.60, 1.9%).
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Appendix 3. "TH NMR spectrum of H3-1 methyl ester (H3-1M) in DMSO-ds with the
addition of D,O.
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Appendix 4. BC{'H} NMR spectrum of H3-1 methyl ester (H3-1M) in DMSO-ds.
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Appendix 5. ESI-TOF MS of H3-1 methyl ester (H3-1M).
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Appendix 6. RP-HPLC chromatograms of H3-1 methyl ester (H3-1M).
Chromatograms are representative of three independent injections (N = 3). A) Monitoring

at A = 220 nm. B) Monitoring at A = 275 nm.
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Appendix 7. 'TH NMR spectrum of D,L-H3-1 methyl ester (D,L-H3-1M) in DMSO-ds.
Inset: magnification of the methyl ester proton peak (6 3.60), highlighting a presence of the
L,L diastereomer (0 3.57, 9.8%).
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Appendix 10. ESI-TOF MS of D,L-H3-1 methyl ester (D,L-H3-1M).
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Appendix 11. RP-HPLC chromatograms of D,L-H3-1 methyl ester (D,L-H3-1M).
Chromatograms are representative of three independent injections (N = 3). A) Monitoring

at A = 220 nm. B) Monitoring at A = 275 nm.
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Appendix 12. TH NMR spectrum of H3-1 C-terminal amide (H3-1A) in DMSO-d.
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Appendix 13. TH NMR spectrum of H3-1 C-terminal amide (H3-1A) in DMSO-d; with
the addition of D20.
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Appendix 14. 3C{'H} NMR spectrum of H3-1 C-terminal amide (H3-1A) in DMSO-
ds.
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Appendix 15. ESI-TOF MS of H3-1 C-terminal amide (H3-1A).
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Appendix 16. RP-HPLC chromatograms of H3-1 C-terminal amide (H3-1A).

Chromatograms are representative of three independent injections (N =

3). A)

Chromatogram monitoring at A = 220 nm. B) Chromatogram monitoring at A =275 nm.
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Appendix 17. ’F NMR spectrum of H3-1 nitrile (H3-1N) in DMSO-ds without

treatment with base.

101



70000

N
65000
60000
55000
N=\
- NH 50000
(@] H N 45000

A N_#Z
o H H -a0000
T
-35000
OH (30000
25000
(20000

15000

110000

5000

[--6000

[~-10000

[~-15000

[~-20000

[--25000

T T T T T T T T T T T T T T T T T T T T T T T T
-80 -90 <100 -110 -120 130 -140 150  -160 170  -180  -190  -200
1 (ppm)

Appendix 18. PF NMR spectrum of H3-1 nitrile (H3-1N) in DMSO-ds following

treatment with base.
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Appendix 19. "TH NMR spectrum of H3-1 nitrile (H3-1N) in DMSO-ds.
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Appendix 20. 'H NMR spectrum of H3-1 nitrile (H3-1N) in DMSO-ds with the
addition of D,O.

104



f-3.4x10"

s

85 g 9 o ~ aho o
&8 2 g 8 3 go8 2 L2107
\ . AN I
F3.0x10”
N=\ (-2.8x10
NH
o S f-2.6x107

)J\ H \/// f-2.4x10"
O N :
©/\ H (o] B F2.2x107
\©\ f-2.0x10”
OH

f1.8x107
F1.6x10”
f-1.4x107
F1.2x107
F1.0x107
f-8.0x10°

f-6.0x10°

] HNM |

F--2.0x10°

T T T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 10 100 90 80 70 60 50 40 30 20 10 o
1 (ppm)

Appendix 21. BC{!H} NMR spectrum of H3-1 nitrile (H3-1N) in DMSO-ds.
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Appendix 22. ESI-TOF MS of H3-1 nitrile (H3-1N).
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Appendix 23. RP-HPLC chromatograms of H3-1 nitrile (H3-1N). Chromatograms are
representative of three independent injections (N = 3). A) Chromatogram monitoring at A

= 220 nm. B) Chromatogram monitoring at A = 275 nm.
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Appendix 24. 'TH NMR spectrum of the complex between H3-1 tetrazole and zinc (H3-
1T:Zn) in DMSO-ds.
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Appendix 25. TH NMR spectrum of H3-1 tetrazole hydrochloride (H3-1T*HCI) in
DMSO-ds.
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Appendix 26. "TH NMR spectrum of H3-1 tetrazole hydrochloride (H3-1T*HCI) in
DMSO-ds with the addition of D-O.
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Appendix 27. TH NMR spectrum of H3-1 tetrazole hydrochloride (H3-1T*HCI) in
MeOH-d,.
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Appendix 28. BC{'H} NMR spectrum of H3-1 tetrazole hydrochloride (H3-1T<HCI)
in DMSO-ds.
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Appendix 29. ESI-TOF MS of H3-1 tetrazole hydrochloride (H3-1T-HCI).
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Appendix 30. RP-HPLC chromatograms of H3-1 tetrazole hydrochloride (H3-
1T*HCI). Chromatograms are representative of three independent injections (N = 3). A)

Chromatogram monitoring at A = 220 nm. B) Chromatogram monitoring at A =275 nm.
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Appendix 31. 'H NMR spectrum of crude thioamide H3-1 methyl ester (TH3-1M) in
DMSO-ds.
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Appendix 32. BC{'H} NMR spectrum of crude thioamide H3-1 methyl ester (TH3-
1M) in DMSO-ds.
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Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 1.5 Bar
Focus Not active Set Dry Heater 180 °C
Scan Begin 50 m/z Set Capillary 4500 V Set Dry Gas 4.0 l/min
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Appendix 33. ESI-TOF MS of crude thioamide H3-1 methyl ester (TH3-1M).
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Appendix 34. TH NMR spectrum of crude methyleneamino H3-1 methyl ester (MH3-
1M) in DMSO-ds.

118



Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 2.0 Bar
Focus Active Set Dry Heater 100 °C
Scan Begin 50 m/z Set Capillary 5000 V Set Dry Gas 6.0 I/min
Scan End 1000 m/z Set End Plate Offset  -500 V Set Divert Valve Source
Intens.
X104
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Appendix 35. ESI-TOF MS of crude methyleneamino H3-1 methyl ester (MH3-1M).
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